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ABSTRACT
Surface analyses of passive films have been playing more and more 
important roles in the elucidation of the corrosion properties of 
stainless steels. Analyses of the corrosion products in solutions, 
however, are, by no means less important than analyses of passive 
films. The effect of alloying elements on the passivation process, 
the partial dissolution behaviour of individual components and more 
importantly, the film growth kinetics can only be revealed by 
monitoring the ions dissolved in solution. When used in 
conjunction with information from surface analyses of passive 
films, a more complete understanding of the passivation can be 
obtained.
This thesis describes the work on the study of passivation of three 
steels, Fe17Cr, Fe15Cr4Mo, Fe19Cr10Ni in 0,1 M sulphuric acid 
solution, A revolutionary new method of analysis in analytical 
chemistry, the Inductively Coupled Plasma-Source Mass Spectrometry 
(ICP-MS), is employed in this study so as to explore the 
dissolution behaviour of the stainless steels under passsivation. 
Surface analyses of the passive films are carried out by X-ray 
Photoelectron Spectroscopy (XPS), Information on depth 
distribution of alloying components is also obtained by ion beam 
sputtering.
Electrochemical technique shows that the alloying effect of Ni is 
more pronounced than that of Mo on the passivation of the Fe-Cr
( i )
binary steel. Solution analyses by ICP-MS reveals selective 
dissolution of Fe from the steels during passivation, which 
accounts for the enrichment of Cr and/or Mo in the passive films. 
The selectivity factor S is defined and used to characterize the 
dissolution behaviour of individual components. The Ni-bearing 
steel dissolves in a more complex way than the binary or Ni-free 
ternary steels. Selective dissolution of nickel from the 
Ni-bearing steel is initially observed but changes to selective 
dissolution of iron in the final stage. Corresponding to the 
selectivity factor S, the surface enrichment factor f is defined 
and used to characterize the enrichment or depletion of alloying 
components in passive films, Cr and Mo are found to be 
significantly enriched in the films, while Ni is enriched markedly 
in the metallic phase underneath the film, A model based on the 
selective ionization is proposed to interprete such an enrichment 
in metallic state.
The growth kinetics of passive films are discussed in terms of 
charge balance. There exists an equilibrium thickness after which 
the film stops thickening. The equilibrium thickness and the time 
to reach it are dependent on the steel compositions. For the 
Fe17Cr binary steel, the film thickening conforms to the direct 
logarithmic law, in the form of y=klog(1+at),
The correlation of the static surface information with the dynamic 
dissolution behaviour of the steels is established.
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1 INTRODUCTION
Stainless steel has been playing a vital role in most industries 
such as petroleum, chemical and power generation, etc. Even the 
cutleries we use everyday are made of stainless steel. The reason 
why it has been so widely used is that stainless steel has 
excellent corrosion resistance and mechanical properties. And the 
corrosion resistance is caused by the formation of an ultra-thin 
compact oxide film, the passive film. Therefore, stainless steel 
owes its corrosion resistance to passivity, a phenomenon in which 
stainless steel exhibits nobility despite its thermodynamic 
instability. When a steel is passivated, it is protected from 
corrosion by a film formed on its surface. Thus the corrosion 
behaviour of a stainless steel depends on the stability,
composition and structure of the passive film formed on its
surface.
For a steel to be "stainless”, it is essential that the steel 
should contain a minimum of 12% chromium [1-3], Less than that in 
Cr content may cause failure in forming a protective film,
A stainless steel may be real "stainless" in one medium but may
corrode actively in another, depending on the potential applied
across the metal/solution interface as well as the presence and 
concentration of aggressive anions such as chloride ions in a given 
environment. In the case of Fe-Cr binary alloys, the presence of 
chloride ions in solution can cause breakdown of passive film and
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lead to localized corrosion, pitting for example. While alloying 
the binary alloys with Mo will significantly improve the resistance 
to pitting corrosion [4],
Since the corrosion resistance of a stainless steel depends on the 
properties of the passive film formed on its surface, the 
characteristics of such a film is very important in understanding 
the corrosion properties of a stainless steel.
From 1920's to 1950's, many attempts had been made to isolate oxide 
layer for analysis [5-10], however it was difficult to get chemical 
and compositional information from a passive film. Unlike oxide 
layer, the passive film is very thin, only a few nanometers in 
thickness, therefore its analysis requires special techniques. 
Thanks to the achievement in vacuum technology that many 
sophisticated surface analytical instruments such as XPS, AES, ISS 
and SIMS are now widely available to perform surface analysis. 
Among these, XPS or ESCA (Electron Spectroscopy for Chemical 
Analysis) and AES (Auger Electron Spectroscopy) have been 
extensively used to carry out the characterisation of passive film 
since late 1960's,
It is now believed that passive films formed on Cr and Mo alloyed 
steels, most of which contain over 18# Cr, in sulphuric acid are 
enriched in Cr, probably in the outermost zone [11], By contrast, 
Fe enrichment takes place in the outer layer of the air-formed 
films [12], The degree of enrichment depends on the Cr composition
2
in bulk alloy, the applied potential and exposure time, etc. The 
thickness of the passive film is within the range of 1,0 to 6,0 
nanometers [13,14] and also dependent of applied potential and 
exposure time. The growth kinetics were reported to follow a 
direct logarithmic law and/or an inverse logarithmic law [15-18],
Investigations into the effect of Mo on corrosion resistance have 
given rise to large controversy. Mo depletion, enrichment and not 
detected in passive film were reported [19], There are many 
reasons for these discrepances. Firstly, preferential sputtering 
tend to produce Mo enrichment in film since its sputtering yield is 
lower than that of the other constituents. Secondly, the metallic 
Mo from substrate may also contribute to the measured signal which 
is supposed to be from the passive film. Thirdly, some overlapping 
peaks (Mo 221 eV and Ar 215 eV; Mo 161 eV and S 152 eV) make it 
impossible to achieve an accurate measurement of the Mo intensity. 
Moreover, there also exists a discrepancy between the results from 
AES and XPS,
From a surface analysis standpoint, some discrepances are due to 
the inherent limitations of the technique used. Under this 
circumstance, solution analysis could become the key to clarify the 
above arguments since passivation is a process of interfacial 
reaction which results in changes, not only in the composition and 
structure of the alloy surface, but also in the composition and 
concentration of the solution.
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Analysis of corrosion products in solution is, therefore, by no 
means, less important than analysis of passive film in a corrosion 
study, particularly, in the study of passivation of stainless 
steels. The dissolution behaviour of individual alloying elements 
can be clearly indicated by monitoring the ions dissolved in 
solution. The effect of alloying elements on the passivation 
process can also be revealed by this approach. It is believed that 
a complete understanding of the passivation process will require 
analysis of the passive film as well as analysis of the corrosion 
products in solution [20-22],
This thesis describes the work on the passivation of three 
stainless steels (Fe17Cr, FelSCr^Mo, Fe19Cr10Ni) in 0,1M sulphuric 
acid solution. Based on the comparison between the results from 
solution analyses by Inductively Coupled Plasma Source Mass 
Spectrometry (ICP-MS) and the results from surface analyses of the 
passive film by XPS, conclusions are made on the following aspects: 
the alloying effect of Mo and Ni; the dissolution behaviour of the 
alloys and their components; the characteristics of passive film, 
-its thickness and composition, factors which influence the 
thickness and composition; the growth kinetics of film; the 
correlation of the static surface information with the dynamic 
dissolution behaviour of steels.
2 LITERATURE SURVEY
2,1 INTERPRETATION OF THE CORROSION RESISTANCE OF ALLOY STEELS
2,1,1 INTRODUCTION
Corrosion, as defined by Uhlig [23], is a chemical or largely 
electrochemical reaction which results in destructive attack of a 
metal in a certain environment. Different forms of attack cause 
different forms of corrosion, but basically, there are two types of 
corrosion, general and localized corrosion. While the latter can 
be further divided into pitting, crevice and fretting, etc.
Corrosion is a spontaneous reaction, it can be regarded as a 
reverse process of metallurgy- reducing a metal from its ores [24], 
When corrosion of a metal is taking place, two types of reactions 
are always involved: anodic oxidation of metal and cathodic
reduction of cations. The corrosion rate of a metal or alloy is 
determined by the rates at which the two kinds of reactions 
proceed. However, the reaction rates are further dependent of the 
composition of the metal itself, the composition of electrolyte and 
the the external potential applied, i,e,, the polarisation.
The corrosion behaviour of a pure metal is quite different from 
that of its alloy. The improved corrosion resistance of alloy 
steels is attributable to the effects that the alloying elements 
have. Details of influences of alloying elements such as Cr, Mo,
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Ti, Cu, etc,, will be discussed later in this chapter.
2,1,2 MIXED POTENTIAL THEORY
Since electron transfer is involved in most aqueous corrosion 
processes, the reaction is electrochemical in nature, Wagner and 
Traud [25] proposed that the anodic oxidation and cathodic 
reduction reactions of corrosion are separable. These reactions 
could take place simultaneously at different sites of a corroding 
metal. Thus in an anodic oxidation, metal atoms are oxidized as 
metallic ions and electrons are released:
Me —  Mn+ + ne (1)
The valence of metallic ion equals the number of electrons 
released. For a 18/8 stainless steel, Fe, Cr and Ni can be 
oxidized at the same time in the form of reaction (1):
Fe —  Fe2+ + 2e (1a)
Cr —  Cr3+ + 3e (1b)
Ni —  Ni2+ + 2e (1c)
Where the total number of electrons released or the rate of anodic 
reaction is the sum of each oxidation reaction,
A general expression for the cathodic reduction can be given as:
6
x +  + e —  X ( 2 )
The cathodic reactions coupling with anodic oxidation of metals in 
aqueous electrolytes have the following possibilities:
a, Hydrogen evolution 2H+ + 2e —  (2a)
b, Oxygen reduction
in acid solutions 02 + 4h+ + —  2H2° (2b^
in neutral or
basic solutions 02 + 2H2O + 4e —  40H” (2c)
c, Cation reduction j^(n+1)+ + e —  Mn+ (23)
d, Metal deposition Mn++ ne —  M (2e)
The reduction reactions require consumption of electrons, thus the 
total number of electrons consumed by a cathodic process is related 
to the rate of cathodic reaction.
In the process of corrosion, it might be possible that there is 
more than one cathodic reduction coupling with one or more anodic 
oxidation reactions, depending on the compositions of electrolyte 
and external potentials applied.
The relationship between the rate of anodic oxidation and cathodic 
reduction in a corrosion process is the essence of the mixed 
potential theory. In addition to the assumption that the anodic 
oxidation and cathodic reduction reactions are separable, it also 
predicts that the total rate of all the possible oxidation 
reactions at anodic sites equals to the total rate of all the
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possible reduction reactions at cathodic sites on a corroding 
surface. The rate is called corrosion rate, denoted by i
corr»
and the mixed potential at which the oxidation rate and reduction 
rate are equal is defined as the corrosion potential, denoted by 
Ecorr'
From the mixed potential theory, it is proposed that all the 
electrons released in an anodic process should be all consumed in 
the coupling cathodic reduction. The quantity of electrons 
transferred in a corrosion process can be related to the quantity 
of metal corroded by Faraday's law:
w=kQ (3)
Where w is the weight of metal corroded in gram, k is a constant, 
Q, in coulomb, is the quantity of electrons released from a 
corroding metal.
Since Q is the product of current i, in ampere and time t, in 
second, then current i is proportional to the corrosion rate,
w/t = ki (3a)
And as is most often the case in electrochemical corrosion, 
corrosion rate is represented by current, A schematic
representation of corrosion potential and corrosion current is 
shown in Fig, 2,1,
'C-f,
corr
icorr i
Fig. 2.1 A schematic illustration of mixed potential 
and corrosion current.
2.1.3 POLARISATION CURVE
2.1.3.1 INTRODUCTION
Polarisation is the extent of potential change produced by net 
current across anodic and cathodic electrodes. The direction of 
this potential change is opposite to the flow of net current. It 
is shown in Fig. 2.1 that the mixed potential or corrosion 
potential is the compromise potential of polarised anode and 
cathode. By stepwise or continuous changing of the potential, a 
potential-current diagram, the polarisation curve can be obtained
9
for a given corroding system.
The characteristics of the polarisation curve have very important 
practical significance. The curve is sometimes called a corrosion 
behaviour diagram (CBD) and test procedures for different 
metal/solution systems have been used by Morris and Scarberry [26],
The polarisation curve is widely used to characterise corrosion 
properties of alloy steels. The effect of alloying components on 
corrosion behaviour of alloy steels can be clearly revealed by 
their influences on the characteristics of the polarisation curves,
2,1,3,2 CHARACTERISTICS
The characteristics of a particular polarisation curve is a clear 
indication of the corrosion properties of a metal in a given 
environment. Fig, 2,2 is a typical polarisation curve (schematic) 
for a stainless steel in a sulphuric acid solution. At potentials
below Ecorr> there is only cathodic reaction taking place, the 
oxidation of metal is prohibited. Thus in this region, the metal 
is cathodically protected from corrosion.
As the potential is made more positive to the corrosion potential, 
the metal/solution system is in the active region, and the 
dissolution current increases with potential. This is always true 
for the unpassivatible alloy steels.
10
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Fig. 2.2 A typical polarisation curve (schematic) for 
a stainless steel in a sulphuric acid solution
But in the case of passivatible stainless steel, the
current-potential curve changes direction abruptly at a certain
potential, and thereafter the dissolution current decreases sharply 
with increase of potential. The potential at which the change of 
direction of current-potential curve occurs is called the peak 
passivation potential and is denoted by E . While the
corresponding current at potential Epp called the peak
passivation current and is denoted by i After the Epp 
potential, the metal/solution system enters into the active-passive
11
transition region.
With further increase of potential to anodic direction, the 
dissolution current becomes almost constant after a critical 
potential, the Flade potential Ef [27], The dissolution 
current in the passive region is called passive current, i
P cLS S
In this region, the passivation current, typically about 1000 times 
less than the peak passivation current, is usually considered as 
negligible. And hence the metal is anodically protected from 
corrosion, as compared with the cathodic protection of a metal.
When the applied potential reaches another critical value denoted
by Et, the dissolution current increases again with potential.
As the metal/solution system comes into the transpassive region, 
the metal dissolves into solution as higher valent ions. But if 
chloride ions is present in the solution, the dissolution current 
rises at a potential lower than Et> <jue to the breakdown of 
passivity and the formation of corrosion pits. The potential above 
which pitting occurs is called pitting potential, Ep^ 
potentials below E repassivation of the breakdown sites is 
possible and the passive film is therefore protective.
The characteristics of the polarisation curve are both material and 
environment dependent. The Flade potential and critical pitting 
potential for some pure metals and alloys are listed in Table 2,1 
[27] and Table 2,2 respectively.
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\Table 2,1 Flade potentials of some metals at pH=0, 25 C
Metal Flade potential
V, N-Hydrogen scale
Gold + 1,36
Platinum +0,91
Iron +0,58
Nickel +0,36
Chromium -0,22
Titanium -0,24
From Reference [27]
Table 2,2 Pitting 
in 0,1N
potentials for some 
NaCl solution at 25
metals
C
and alloys
Metal/Alloy Potential (V) SHE Reference
Ni 0,28 28
Zr 0,46 29
Fel8Cr8Ni 0,26 28
Fe30Cr 0,62 28
Fe12Cr 0,20 28
Cr >1,00 30
2,1,3,3 INFLUENCE OF CHLORIDE ON THE CHARACTERISTICS
Chloride ion is known to be one of the most aggressive species to 
passivating films on stainless steels. Pitting is often initiated 
at sites where chloride local attack causes the breakdown of the 
passive film. It is therefore expected that the characteristics of 
polarisation curves are sensitive to chloride concentration in 
solution.
Fig, 2,3 shows schematically the influences of chloride 
concentration on the characteristic of the polarisation, curve [31],
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As can be seen from the Figure, with increase of chloride
n ob l e
NO CHLORIDE
INCREASING
CHLORIDE
CONCENTRATION
UJ
h-
O
Ul
ACTIVE
LOG CURRENT DENSITY-*-
Fig. 2*3 Influences of chloride concentration on the 
characteristics of polarisation curve for a stainless 
steel in a sulphuric acid solution [31]
concentration, the pitting potential decreases , indicating that 
the steel tends to suffer pitting corrosion at lower potential in a 
higher chloride concentration solution; The increases in 
passivation current and peak passivation current show that 
passivation becomes more difficult and the passive film is less 
protective than that formed in a chloride free solution; The Flade 
potential increases slightly, while the pitting potential decreases 
sharply, this suggests that the passive potential range is
suppressed,
2,1,3,4 POLARISATION CURVES FOR Fe-Cr AND Fe-Cr-Ni/Mo STEELS
Chromium, nickel and molybdenum alloyed steels have been widely 
used as corrosion resistant structural materials. The
characteristics of polarisation curves for these kinds of steels 
are of practical importance.
Fig, 2,4 shows polarisation curves for pure Fe, Ni, Mo, Cr and 
their alloy in a 0,1M HC1 + 0,4m NaCl solution [4], As can be
seen, the corrosion potential of pure Cr is the most negative one,
while that of the Fel8Crl4,3Ni2,5Mo alloy is the most positive one. 
This suggests that the stability of the alloy is better than that 
of pure Cr, The curves for pure Fe and Ni have no passive 
characteristics, whilst Mo has only a short 'hold* in the current 
increase. Thus active dissolution of these metals will occur over 
most of the potential range. By contrast, curves for pure-Cr and 
Fe18Crl4,3Ni2,5Mo alloy exhibit the marked features of an 
active-passive transition , The peak passivation current of pure 
Cr is over 2 orders of magnitude higher than that of the alloy, but
its passive current is in the same order of magnitude as the alloy.
The passive potential range of pure Cr is about 100-1000mV, being 
the largest in the group. All these characteristics of pure Cr 
indicate that Cr is most prone to be passivated. It is worth 
noticing that the polarisation curve of Fe18Cr14,3Ni2,5Mo alloy is
15
Ni
Mo
CM
6O
•s
CrC5
O►-3
Fe18Cr14.3Ni2.5Mo
0 500-1000 -500 1000
POTENTIALf mV (SCE)
Fig. 2-4 Polarisation curves for pure Fe, Cr, Ni, Mo and their 
alloy Fe18Cr14.3Ni2.5Mo in 0.1M HC1 + 0-4M NaCl solution [4 ]
very similar to that of pure Cr, both having the same transpassive 
potential. The influence of alloying elements such as Cr, Ni and 
Mo on the corrosion properties of alloy steels will be discussed 
later.
As mentioned earlier, passivity is environment dependent. Pure 
iron is not passivated at all in HC1 acid solution but will be 
passivated very easily in nitric acid and sulphuric acid solutions.
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Fig. 
2-5 
Polarisation 
curves 
for 
Fe17Cr 
and 
Fe15Cr4Mo 
alloys 
in 
1N 
sulphuric 
acid 
solution 
(20mV/min) 
[32] 
.
In Fig, 2,5, it illustrates the polarisation curves for Fe17Cr and 
Fe15Cr4Mo alloy steels in 1N sulphuric acid. Both of the curves 
demonstrate typical passive features which are rather similar in 
passive region: they have same passive potential range, about 1100
mV , the passive currents are around 5 uA/cm2, However, strong 
contrasts still exist outside the passive region. The corrosion 
potential of the Mo bearing alloy, -256 mV, is higher than that of 
the Mo free alloy, -306 mV [32,33], The peak passivation and 
transpassive currents of the Mo bearing alloy are much smaller than 
those of the Mo free alloy,
2,1,4 EFFECT OF ALLOYING ELEMENTS ON THE CORROSION RESISTANCE OF 
STAINLESS STEELS
It has been shown in Fig, 2,4 that pure iron does not passivate at 
all in HC1 solution, but alloying Fe with Cr, Ni and Mo will bring 
about passivity to the alloy. The effects of alloying elements on 
the corrosion resistance of stainless steels can be studied in 
terms of polarisation curves.
The extent to which a corrosion system can show passivation may be 
determined from the characteristics of the polarisation curve for 
the given system. Hence changing some characteristics of the
polarisation curve by alloying with the base metal is a practical
way of achieving passivity and increasing chemical stability of the 
corrosion system. This has been used as one of the basic
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principles for constructing corrosion resistant metal alloys [34], 
The extent of passivation will be favoured if any or all of the
characteristics of a polarisation curve is changed in the following
ways:
1, the peak passivation potential Epp is made more negative;
2, the Flade potential is made more negative;
3- the pitting potential Ep is made more positive;
4, the transpassive potential Efc j_s made more positive;
5, the peak passivation current ipp reduced;
6, the passive current ipasg is reduced;
Since alloying elements influence the characteristics of the 
polarisation curve in different ways, the nature of passivation 
ability of an alloy can be quite different from that of the 
alloying component used. Fig, 2,6 shows qualitatively the effect 
of some alloying elements on the characteristics of the 
polarisation curve for Fe and steel in sulphuric acid solutions 
[34], As illustrated, the alloying components Cr, Ni, Mo, Si, Nb, 
V, W and Ti generally increase the ability of passivation of 
iron-base alloys , though the influence and the degree of influence 
of each element on the characteristics is different.
The most important alloying component is chromium which alloyed 
with iron is the basis of all grades of stainless steels. As shown 
in Fig, 2,6, chromium can shift most of the critical points of the 
polarisation curve to directions of increasing passivity of the
19
*C r,N C JS L .W
Cr,Ni,Mo 
S i X  W  
h i , s i
Fig 2 .6  i Effect of alloying elements on 
characteristic points of anodic curve of 
Fe and steels in H 2S 0 4 solutions [34]
Arrows indicate favourable or unfavourable
(-*) for passivation direction of displacement o f 
characteristic po in t under the in f luence of the 
a l loy ing  element w r it ten  near the arrow.
alloy (the above mentioned No.1,2,3,5,6), and it appears to be the 
most effective passivating element. So it is not surprising that 
there have been numerous investigations, such as those by 
Kolotyrkin [20-22], Uhlig [35], Edeleanu [36], Olivier [37], Prazak 
[38,39], Shiobara [40] and others [19,32,41], published in the 
literature concerning its beneficial effects on the passivation of
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the alloy. It has been well established that a minimum of 12# Cr 
is essential for an iron-base steel to be stainless [1-3], and 
increasing chromium content will favour the passivation process and 
improve the chemical stability of the steel [42,43], Here it is 
worth mentioning of the Tamman’s rule [44] which predicts that the 
corrosion resistance of Fe-Cr alloys increases abruptly at 1/8 mole 
of chromium, i,e, 12,5 at,#.
Another main component in a stainless steel is nickel which is 
usually added to form austenite [45], though in some cases the 
presence of nickel may produce a beneficial effect on corrosion, 
Chernova and Tomashov [46] showed that in sulphuric acid solution 
nickel could reduce the peak passivation current density and the 
passive current density. While in chloride media, nickel has no 
significant influence on the pitting potential [28,43],
On the other hand, it has been well known that a minor addition of 
molybdenum significantly improves the corrosion properties of 
stainless steels, especially the resistance to pitting corrosion 
since the beginning of this century [3,47], yet the mechanism is 
still not sufficiently understood [19], It must be mentioned that 
one of the earliest investigations concerning the beneficial effect 
of Mo on the corrosion of stainless steels was conducted by Smith
[48], He observed that the additions of Mo to austenitic stainless 
steels positively affected the resistance to attack by
chloride-containing solution. Later investigations by Streicher
[49], Bond and Lizlovs [50-56] showed that Mo lowers the peak
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passivation current and increases the pitting potentials of 
stainless steels in chloride-containing solutions. The effect of 
Mo was found to be dependent on chromium content, a higher chromium 
content in steels will make the beneficial effect of Mo more 
prominent. The above results were also supported by the works of 
Lumsden [57], Prazak and Cihal [58], The former claimed that the 
presence of chromium is essential for the addition of Mo to be 
effective. It was reported that the introduction of 2% Mo to 
Fe18Cr produces an order of magnitude decreases in the anodic peak 
and the passive current density, Prazak and Cihal studied 
Fel8Cr8NixMo in 1N sulphuric acid solution and found that 5% of Mo 
addition to the alloy would decrease both the peak passivation 
current and the passive current an order of magnitude. 
Investigations by Kruger and Ambrose [59] demonstrated that the 
repassivation rate increases with Mo content. They further 
suggested that acceleration of the repair of the passive film and 
thus preventing the propagation of pits is one of the beneficial 
effects of molybdenum, Tomashov [60], Horvath and Uhlig [28] have 
also showed that the pitting potential in chloride-containing 
solutions increases remarkably with Mo content. Electrochemical 
measurements of the dissolution behaviour and surface analysis of 
the passivating films by Kolotyrkin [22], Kolotyrkin and Knyazheva 
[20], Leygraf and Hultquist et al [21,61-63] provided evidence that 
Mo could promote repassivation process and increase the stability 
of passivating films in chloride-containing environments with or 
without the enrichment of molybdenum in the films.
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Fig. 2.7 Influence of Mo on the characteristics of the 
polarisation curves for alloys in 0.1M HC1 + 0.4M NaCI [41]
Fig. 2.7 shows polarisation curves for three alloys containing 
different amount of molybdenum [41]. As can be seen, the pitting 
potentials and passive potential ranges increase with the Mo 
contents in the alloys. The peak passivation currents for the Mo 
containing alloys are an order of magnitude lower than that of the 
Mo-free alloy.
The beneficial effects of other minor alloying elements, such as
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Cu, W, Ti, Nb, V and Si, on the corrosion properties of stainless 
steels have also received extensive study since as early as 1910s 
[3,47], It was shown that the presence of these elements 
facilitates passivation and increases the pitting resistance of 
stainless steels, though not so effective as molybdenum [60,61,64], 
Among these minor additions, copper can significantly suppress the 
active dissolution, while niobium and titanium have the same degree 
of contribution to the stability of the passive film [61],
A recent investigation by Goetz, Laurent and Landolt [65] concluded 
that with the same atomic concentration(6 at,#) in Fe13Cr alloy, 
Mo, W, V and Si increase the pitting potential in 1M HC1 solution 
in the following order:
Mo > V > Si > W
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2,2 SELECTIVE DISSOLUTION
2,2,1 INTRODUCTION
Selective dissolution, which is the preferential removal of one or 
several alloy components and the parallel formation of an altered 
alloy surface region, plays an important role in the aqueous 
corrosion of alloys. It is a key point to the understanding of the 
corrosion behaviour and passivation of stainless steels.
One of the earliest phenomenon relating to selective dissolution is 
the dezincfication of brass [66], in which zinc dissolved 
preferentially, leaving behind a porous residue of copper and 
corrosion products [67], The phenomena was first mentioned over a 
hundred years ago [68] and received increased attention during 
World War I,
Basically, there are two types of selective dissolution: 
constructive and destructive. When the less stable element in an 
alloy dissolves preferentially, as a result of which the more 
stable one becomes enriched in the surface and thus forms a 
protective film resistant to corrosion, then such selective 
dissolution is considered to be constructive. However if the 
selective dissolution fails to result in the formation of a 
protective film, leading to a more severe dissolution of the less 
stable element or even the dissolution of the more stable one, the 
selective dissolution is destructive.
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There have been extensive studies in the literature concerning the 
selective dissolution of Cu/Zn alloys as those by Pickering, 
Wagner, and others [69-73], of Cu/Au, Ag/Au alloys by Forty, 
Rowlands and Durkin et al [7^-77], of Ni/Mo alloys by Tachibana and 
Ives et al [78,79], However there has been only a few reports on 
the selective dissolution behaviour of Fe/Cr and Fe/Cr/Mo alloy 
steels [20-22], As far as the author knows there is only one paper 
published in the literature where preferential dissolution of iron 
from a more complex system, Fe/Cr/Ni/Mo stainless steels was 
discussed [80],
2,2,2 CONDITIONS FOR SELECTIVE DISSOLUTION
The different constituent metals of an alloy normally exhibit 
different potentials in electrolyte, therefore, the electrodynamics 
of dissolving an alloy is much more complex than that of dissolving 
a pure metal. Nevertheless when an alloy dissolves, it can be 
assumed that either simultaneous dissolution of the constituent 
metals or preferential dissolution of one or more elements in an 
alloy occurs. The conditions for selective dissolution were 
suggested by Pickering and Wagner [66] as follows:
RT
F
W
< Ft.corr N ^b (5)
26
Where:
Ea> Eb are the standard potentials of elements A, B,
Ecorr ts the corrosion potential at which 
the alloy is dissolving*
F is the Faraday constant, 
k is defined as several,
Castle [81] modified the above equation and established a criterion 
for the selective dissolution that the factor s in the following 
relationship should be greater than 2:
2,3 RT
'b^a'"Ek-E.> s   (4a)n F 
Where:
n is the number of electrons in the reaction to form ion of A,
Assuming the activity of B is unity, s greater than 2 means that 
the activity (or concentration) of A in solution is over 100 times 
higher than that of the element B, so the selective dissolution of 
A occurs. It should be pointed out however that the above 
criterion is only valid in terms of thermodynamics for a particular 
system, the actual situation could be much different, depending on 
various factors concerned.
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2.2,3 INFLUENCE OF POTENTIAL ON THE DISSOLUTION BEHAVIOUR OF Fe-Cr
ALLOY
In an Fe-Cr alloy, iron is the noble element while chromium is the 
less noble one. According to equation (4a), it is chromium that 
undergoes selective dissolution. This judgement is true but not 
always. As the potential changes, the dissolution behaviour will 
change accordingly. Fig, 2,8 shows the polarisation curves for 
pure iron and chromium with different polarisation characteristics 
[34], In potential region a where chromium is active, or potential 
region c where chromium is transpassive, the dissolution rate of 
chromium is much greater than that of the iron, so chromium 
selectively dissolves into solution. This is in accordance with 
the prediction from equation (4a) that the less noble element would 
suffer selective dissolution. At potentials Ex  ^ an(j ex2 , 
simultaneous dissolution of iron and chromium will take place. In 
potential region b, however, the situation is quite different, 
where it is iron that selectively dissolves into solution, while 
chromium is enriched on the alloy surface. This is contrary to the 
prediction from equation (4a), Hence it is not necessarily the 
more electronegative component that undergoes selective dissolution 
and equation (4a) applies only to situations where insoluble oxide 
film does not form.
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Fig. 2.8 Comparison of anodic polarisation curves for Fe and Cr. 
Selective dissolution of Fe from its alloy occurs in region b, 
while selective dissolution of Cr occurs in region a and c [34].
2.2.4 EVALUATION OF SELECTIVE DISSOLUTION
The evaluation on the degree of selective dissolution needs the 
information of reaction kinetics which can be inferred from the 
analysis of intermediate and final reaction products in either 
solution or surface film or ideally, both.
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Anodic partial dissolution current (uA/cm2) and partial 
dissolution rate (ug/s,cm2) of the alloy components have been 
frequently used to quantify the selective dissolution in the 
literature [69-73,78], A more straightforward way of evaluation is 
the use of the selectivity coefficient Z introduced by Kolotyrkin 
and co-workers [20,21], The selectivity coefficient Z directly 
shows how many times the ratio of the concentration of the given 
element to the main component of the alloy (usually, iron) in 
solution differs from the same ratio in the bulk alloy. Thus the 
selectivity coefficients of chromium, molybdenum and nickel can be 
defined as:
( Cr/Fe) in solution
Z(Cr)=------------------------  (5a)
( Cr/Fe) in alloy
( Mo/Fe) in solution
Z(Mo) =------------------------  (5b)
( Mo/Fe) in alloy
( Ni/Fe) in solution
Z(Ni) =-------    (5c)
( Ni/Fe) in alloy
If Z=1, simultaneous dissolution of the alloy components occurs. 
If Z> 1, selective dissolution of Cr/Ni/Mo would take place..
If Z<1, selective dissolution of Fe occurs.
Selective dissolution of iron is beneficial to the passivation 
process and therefore it is considered as constructive, 
Kolotyrkin, Leygraf and co-workers has demonstrated that selective
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dissolution of iron from single crystalline Fe18Cr (110), 
polycrystalline Fe18Cr and Fel8Cr3Mo always occurs at constant 
potentials in the passive region [21], As a result of the 
selective dissolution of iron, chromium is not only enriched in the 
passive film but also in the alloy phase. The selectivity 
coefficient of molybdenum was found to be less than 1, indicating 
that an accumulation of Mo in the passive film could be expected,
Nishimura et al [80] studied the dissolution behaviour of 304 and 
316 stainless steels in 1M HC1 solution and found selective 
dissolution of iron in the active region led to the enrichment of 
Cr, Ni and Mo on the surface of SS 316 steel. In the film 
formation region, it was reported that the preferential dissolution 
of nickel and molybdenum changed the film composition from Cr, Ni, 
Mo-rich layer to Cr enriched layer. Their results are quite 
conflicting with those of Kolotyrkin and others [20,21], though the 
solutions they used were different,
2,3 PASSIVITY OF STAINLESS STEEL
2,3,1 INTRODUCTION
Passivity is defined by ASTM as the state of a metal surface 
characterised by resistance to corrosion in aggressive media where 
the metal is thermodynamically unstable. As early as the time of 
Faraday theoretical views were focused on some kind of interaction 
between the metal and oxygen occurring on the metal/solutio'n
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interface. Two of the most plausible interpretations of passivity 
appear to be the oxide film theory, which proposes that oxide films 
on passive metals operate as diffusion barriers to anion and cation 
migration, and the adsorption theory, which claims that adsorbed
oxygen films act to retard dissolution kinetics, e,g,, as 
inhibitors of ion hydration.
The first proposal of an oxide model for the passive film is
ascribed to Faraday [82] whose model was supported by Wetzlar in 
1848 [83], Haber in 1904 [84] and Heathcote in 1907 [85], In 1927,
Evans attempted to prove the existence of oxide films [86] by
stripping films from underlying metals. He reported that the oxide 
responsible for passivity was Fe2C>3, The presence of oxide 
films on 18/8 stainless steel was later explored by Tronstad [87] 
who gave conspicuous proof of the formation of the distinct oxide 
film on its surface and the film thickness was reported to be 
approximately 3 nm when anodically polarised.
The adsorption theory might be considered to have begun with 
Faraday's alternate proposal that the passive film consists of 
oxygen which satisfies chemical affinities of the surface and 
therefore accounts for the reduced reactivity. This theory was 
supported by Fredenhagen in 1903 [88], Muller and Konigsberger in 
1904 [89], and Flade in 1911 [90], Grube claimed that an oxygen 
layer appeared to be the primary cause of passivity and additional 
layers could act as a supplementary cause [91], Uhlig proposed 
that an adsorbed oxygen film is commonly the primary source of
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passivity and the mechanism of protection is not one of a diffusion 
barrier but rather one of retarded reaction rates [92],
For many years, these two types of models existed side by side. 
The distinction between the models depends upon the presence or 
absence of a film, which, according to the adsorption model, is a 
monolayer thick, and according to the oxide model, is many layers 
thick. However, from 1960’s, with the development of advanced 
surface analysis techniques, it has gradually become clear that in 
the potential region after Flade potential, the oxide film is 
indeed many layers thick, typically about 5 nm. This has become an 
accepted fact and the oxide model seems to have gained the day,
2,3,2 THE NATURE OF PASSIVE FILMS ON STAINLESS STEELS
2,3.2,1 STRUCTURE
Oxide films were classified by Rhodin [93] as ultra-thin films, 
coloured films and oxide scales. The passive films on stainless 
steels are referred to the ultra-thin films which are most 
effective in the thickness range from 3 to 6 nm. Structural 
analysis of passive films using electron diffraction techniques 
showed no definable crystallinity [94], while use of the electron 
microscope enabled no fine structure to be resolved [95], Hence 
the passive films on stainless steels are believed to have an 
amorphous nature [96], By using the selected area transmission 
electron diffraction technique on passive films not detached from
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the substrate, McBee and Kruger demonstrated that with the increase 
of chromium content in the substrate, the passive films formed 
potentiostatically in 1N sulphuric acid solution were less able to 
sustain an epitaxial relationship with substrates [97]-. At over 
19$ of chromium content, the passive films formed on Fe-Cr alloys 
become mainly amorphous. Table 2,3 shows the structural
characteristics for a series of Fe-Cr alloys [97],
Table 2,3 Structural Characteristics for 
Passive Films on Fe-Cr Alloys
Films were formed in 1N at a passive potential
Cr$ Structure
0 Well-oriented spinel (AB^ Oij)
5 Well-oriented spinel
12 poorly-oriented spinel
19 Mainly amorphous
24 Completely amorphous
The passive films on stainless steels are thus well characterised 
as ultra-thin (5 nm) amorphous oxide films which mainly consist of 
oxyhydroxide of chromium and iron. Water is an important component 
of the films but is not combined in any fixed proportion. The 
gel-like structure of the passive film is illustrated in Fig, 2,9 
[98],
2,3,2,2 COMPOSITION
The composition of the passive film is closely related to the 
corrosion properties of the passive film since the passive film 
itself is some kind of corrosion product. In the early days of the
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Fig. 2.9 Metal ions dissolved through an undeveloped part of 
the film (a) are captured to form a film (a1) resulting from 
the bridging with OH bonds. Chloride ions replacing water 
moleculesCb) inhibit the bridging reaction Cb•), resulting in 
breakdown of the film [98].
century, stripping the film combined with microchemical analysis 
was commonly used to verify the existence of the oxide film and to 
obtain the compositional information [93,95,99]. Mahla and Nielson 
demonstrated that the stripped oxide film from 18/8 stainless steel 
contains an appreciable amount of Cr, Mo, and Si, i.e., enrichment 
in the film occurred [99].
With the development of the advanced surface analytical techniques, 
some results from the compositional analysis of stripped oxide film 
have been critisized [18] since the stripping process inevitably
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causes contaminations to the stripped films. Furthermore, the 
analysis of the ultra-thin oxide film, i,e,, the passive film can 
not be resolved by stripping methods. The applications of ESCA or 
XPS, AES and other in situ electron microscopic methods to the 
compositional study of the passive films have made it clear that 
the passive films formed on stainless steels are enriched in 
chromium although the enrichment of other elements such as 
molybdenum and nickel are still ambiguous.
Using ESCA and AES surface analysis techniques, Legraf, Kolotrykin 
and others [20-22] studied the passive films formed on
Fe-Cr/Fe-Cr-Mo alloys in sulphuric acid solution and concluded that 
the passive films were enriched in chromium, probably in the 
outermost zone [11], By contrast, iron enrichment takes place in 
the outer layer of the air-formed films [12], An enrichment of Mo 
in the film was indicated by solution analysis although-surface 
analysis revealed no significant accumulation [21], Using Auger 
electron spectroscopy (AES), Lumsden and Staehle found no 
enrichment of nickel in the passive films on stainless steels
[100],
The composition of the passive film is very sensitive to the 
environment. The applied potential, exposure time and pH value of 
the solution have substantial influence on the composition of the 
passive film, Okamoto and co-workers [101] showed that the ratio
of Cr/Fe peak height for the passive film formed in 1N sulphuric
acid solution increases with potential and a saturated value was
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observed at potential greater than 400mV (SCE), as illustrated in 
Fig. 2.10. Okada and Sugimoto et al [102,103] demonstrated a
°  o a> 2
Q.
CrLm/FeLn
o-e
Ni Lm/FeL»
0.2
Potential (V.vs.SCE)
Fig. 2.10 Changes in the peak height ratio of Cr/Fe and Ni/Fe for 
18-8 stainless steel passivated in 1N H^Ojj for 1h [101].
similar influence of potential on the Cr/Fe ratio for other high
chromium alloys passivated in sulphuric acid and a 18-8 stainless 
steel passivated in 1 M Na^o^ solution at pH=2.0.
However, the influence of exposure time on the enrichment of
alloying components in the passive films of alloy steels has not
been reported in the literature.
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Apart from the environmental consideration, the composition of 
passive films is closely related to the composition of bulk alloys 
as well. An AES study of the influence of chromium content and 
potential on the surface composition of Fe-Cr-Mo alloys by Goetz 
and Landolt [19] showed that the enrichment of Mo in the outermost 
zone of the passive film strongly depends on the Cr content of the 
alloy and the polarisation potential. Asami and co-workers [11]
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Fig. 2.11 Changes of Cr content in the passive film 
with Cr content in the alloy [11].
demonstrated that there is a steep increase of the chromium content 
in the passive films when the chromium content of the alloy reaches 
ca. 13 at£ (Fig. 2.11). They further concluded that the 
composition of the passive film is sharply dependent on the 
composition of the alloy.
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2,3*2,3 THICKNESS
Thickness is the property of a passive film that determines how 
much of it is required to protect corrosion. Unlike an oxide 
scale, a passive film is a ultra-thin oxide film with a thickness 
of less than 10 nm, depending on the alloy composition, passivating 
potential, exposure time, pH value of media, etc,. Its measurement 
can be achieved by either ellipsometry, coulometry or XPS/AES depth 
profiles of the film,
Ellipsometry is one of the most reliable in situ methods used to 
measure the thickness of passive films. In the classical use of 
ellipsometry by Tronstad [104], it was reported that the thickness 
of the passive film formed anodically on a 18Cr-7Ni stainless steel 
is 3 nm, Andreeva [105] showed that the film thickness increases 
with passivating potential for a high chromium stainless steel in 
35/5 sulphuric acid solution. In the case of 18-8 stainless steel 
in 1N sulphuric acid, an increase in the film thickness with 
passivating potential was also noticed by Okamoto [106], Okamoto 
and Shibata (Fig, 2,12) [13]* Matsuda et al [107] studied the 
passive films on 18-8 stainless steel in Na2s0ij solution of 
pH = 0 and stated that the film thickness changed from 1,3 nm (at
-0,11V) to 2,3 nm (at 0,79V), The derivative of film thickness 
with respect to potential was 1,1nm/V, whereas in a solution of 
pH=6,45, the value increased to 2,8nm/V,
Regarding the dependence of film thickness on the composition of
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Fig. 2.12 Potential dependence of passive film thickness [13]
bulk alloy, Asami and co-workers [11] showed that passive films on 
Fe-Cr alloys reached their maximum thickness at ca. 10% Cr (Fig. 
2.13). Goswami and Staehle [15] found that the film got thinner as 
the alloy concentration increased in the following order:
Fe > FelOCr > Fe10Cr10Ni
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Fig. 2.13 Dependence of the oxide film thickness 
on the alloy composition 111].
2.3.3 GROWTH KINETICS OF PASSIVE FILM ON STAINLESS STEELS
The growth kinetics of passive films in aqueous environments have 
been the subject of several studies and models proposed by Cabrera 
and Mott [108], Hauffe and Ilshner [109], Dewald [110], Pryor 
[111], Fromhold [112], Sato and Cohen [113], Hoar and Mott [114], 
Frankenthal [115], Vetter [116] and others were used in the 
literature to interpret the passive film formation. Unlike the air 
oxidation of metals at high temperature where the growth kinetics 
of oxides could be attributed to one of the parabolic laws,
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asymptotic law, direct and inverse logarithmic law etc as shown in
Fig. 2.14 [16], the growth kinetics of passive films on metals has
mostly been described in one of the logarithmic laws, the direct
logarithmic law and the inverse logarithmic law. The inverse
A  s u m p t o t i c
D ir e c t  Logarithm ic ( a = /u u )
Time(t) > •
Fig. 2.14 General forms of curves corresponding to 
various equations [16]
logarithmic law was initially derived by Mott and Cabrera [108]. 
It is assumed in the model that the controlling factor in growth 
kinetics is related to the movement of an ion over a potential 
barrier. The effective field across the film must be in the order 
of 106 V/cm or greater for such a model to be applicable.
The most acceptable derivation of the direct logarithmic law is
that of Sato and Cohen [113] who suggested that the oxide growth is 
controlled by a place-exchange mechanism. Studies on the kinetics 
of the anodic formation of the passive film on stainless steel by 
Bulman and Tseung supported the place-exchange mechanism [18,117], 
When the controlling factor is electronic transport [15,16,109], or 
movement through mutually blocking pores [16], or under conditions 
where the effective area changes with time [16], the growth 
kinetics also conforms to a direct logarithmic law.
The growth kinetics of passive films on Fe in neutral solution has 
received most extensive study in the literature. The validity of 
both the inverse logarithmic law and the direct logarithmic law was 
observed by Kirchheim [118], Goswami and Staehle [15], Kruger and 
Calvert [119], They reported that both the thickness vs logt and 
the reciprocal of thickness vs logt exhibited linearity.
The study of growth kinetics of passive film on stainless steel in 
acid solution was first carried out by Bervick and Evans [2] in 
early 1950s, By measuring the increase rate of the volume of 
oxygen required for an active surface to become passive, they 
concluded that the thickening of the passive film followed a direct 
logarithmic law. In a later investigation of the anodic growth of 
the passive film [120], Stern also observed a direct logarithmic 
law but claimed that the results could fit the inverse logarithmic 
law as well, A comprehensive discussion of the earlier work on the 
growth kinetics of the passive film was given by Muller [17],
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2,4 OBJECTIVES OF THIS STUDY
Surface analyses of passive films can provide structural and 
compositional information which are two main factors affecting the 
passivity of alloys, XPS or ESCA has been extensively used to 
carry out such analyses in the literature. Some controversies 
concerning the alloying effect and dissolution behaviour of 
alloying element have arisen from the interpretations of the 
surface analyses results [19], It has been well established that 
Cr is enriched in the passive film, from which one may expect the 
selective dissolution of Fe from its alloy. Such speculations are 
not always true. The absence of nickel oxide in the passive film 
might mean an enrichment in the metallic phase or a selective 
dissolution in the solution , The arguments about the depletion or 
enrichment of Mo in the passive film are still under discussion.
The thicknesses of passive films are directly related to the growth 
kinetics and in situ and ex situ measurement methods such as 
ellipsometry, coulometry and depth profiles have been used in the 
characterisation of passive films. The thickness ratio of the 
coulometric value to the ellipsometric value is associated with the 
surface roughening effect [119], Depth profiling in association 
with surface analysis can give a relative thickness which varies 
with the relative etch rate of the passive film. The calibration 
of etch rate is of great importance in surface analysis and the 
subject has attracted special attention.
The underlying cause of passivity is an interfacial reaction at the 
metal/solution interface leading to the formation and constant 
repair of an insoluble oxide film, A complete characterization of 
passivation will thus require analyses of the corrosion products in 
both the solid and the liquid phase. The corrosion properties of 
alloy steels have been studied frequently by electrochemical 
techniques which can provide the total rate of oxidation or 
reduction. Solution analysis, however, can reveal the partial 
dissolution rates of individual alloying components as well as the 
dissolution rates of alloys. Thus the effect of alloying 
components on the corrosion properties can be specified 
individually. The kinetics of passive film formation, pit 
initiation and propagation etc clearly can only be monitored by a 
combination of the electrochemical and solution analytical 
techniques. The newly developed Inductively Coupled Plasma Source 
Mass Spectrometry (ICP-MS) is an ideal tool for such solution 
analysis [121,122],
It is believed that the fundamental requirement of corrosion 
scientists is the rate of corrosion and its prognosis for the 
future. Much of the published work in the literature, however, is 
concerned with analyses of surface films in a way which can not 
reveal the essential kinetics but the static view of the 
composition and chemistry of the surface. Therefore the greatest 
value of surface analysis in the context of corrosion studies can 
only be achieved by impressing a time dependency factor on it. It 
is hoped that in this co-ordinated study of the passivation of
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alloy steels by Inductively Coupled Plasma Source Mass Spectrometry
and X-ray Photoelectron Spectroscopy, the following objectives
could be achieved:
(1), the effects of alloying elements on the polarisation 
behaviour of stainless steels;
(2), characterisation of the partial dissolution behaviour of 
individual components during passivation and evaluation 
of selectivity factors for Cr, Mo, Ni to clarify the 
enrichment or depletion of the elements in passive films,
(3), efficiency of film formation for different alloys;
(4), growth kinetics of passive film and the influence of 
passivating potential;
(5), characterisation of passive films;
(6), correlation of the static surface information of passive 
film with the dynamic dissolution behaviour of individual 
components of the alloy during passivation.
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3 SOLUTION ANALYSIS
3,1 INTRODUCTION
Solution analytical techniques have been widely used in many fields
such as biomedical, environmental, chemical and food production
[123,124], For inorganic trace element analysis in these fields, 
several techniques exist in the literature, such as neutron
activation analysis (NAA) [125], atomic absorption spectrometry
(AAS) [126] and mass spectrometry [127],
Applications of adequate solution analytical techniques in 
corrosion research have special significance today since they can 
provide unique information about the extremely low partial 
dissolution rates of alloying constituents which are demanded by 
existing electrochemical and surface analytical methods. It widens 
the possibilities of corrosion study in the following aspects: (1)
measurement of extremely low corrosion rate in situations where 
corrosion may cause contamination of the final products and 
effective means of corrosion protection; (2) evaluation of 
selective dissolution of alloys; (3) evaluation and prevention of 
localized corrosion; (4) kinetics of passivation; (5) development 
of new corrosion-resistant alloys.
It is believed that applications of solution analytical techniques 
combined with electrochemical and surface analytical techniques 
will greatly facilitate the research in corrosion science and
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engineering.
In this chapter, a brief review of the conventional solution 
analytical techniques used in corrosion studies in the literature 
will be given first, followed by the detailed introduction of a 
revolutionary new method of analysis, the newly developed 
Inductively Coupled Plasma-source Mass Spectrometry (ICP-MS) and 
finally a comparison of the system performances will be made 
between the ICP-MS and some conventional methods,
3,2 CONVENTIONAL TECHNIQUES
Quantitative chemical analysis of electrolyte was used by Pickering 
and Byrne, Pickering and Wagner, and others to study the 
preferential dissolution of Cu-Zn and Cu-Au alloys [69-73], The 
detection limits of the chemical analysis for Cu and Zn ions were 
reported to be 0,05ug/cc and 0,02ug/cc, respectively [70], By 
means of chemical analysis of the electrolyte, Pickering and Byrne 
managed to get the partial dissolution currents and the partial 
polarization curves of Cu and Zn for the Cu-Zn alloys [70], It was 
found that preferential dissolution of the less noble components 
occurred with these alloys at certain potential ranges.
Other solution analysis methods are mainly dependent on physical 
techniques. Neutron activation analysis (NAA) was often used in 
the published work to determine the low corrosion rates of alloys 
and of their components.
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The methodological aspects of the use of radioactive tracers for 
determining low corrosion rates have benn discussed in great detail 
elswhere [22], The basic principle is that the sample is 
irradiated by a high flux of thermal neutrons (101^ n/m,s) in a 
nuclear reactor prior to electrochemical treatment, and the 
radiation specific to each element was used to determine the 
quantities of alloying components dissolved in the electrolyte. 
Neutrons are chosen as the irradiation source since the probability 
of activation is greater than that from charged particles which 
have to overcome the Coulomb barrier. Normally gamma-rays, instead 
of beta-rays, are used for the identification and quantification of 
the induced radioactivity because they exhibit discrete energies 
and are not subject to significant absorption with the sample.
The beauty of this technique is that it is highly sensitive and 
selective. Up to 6 components of an alloy dissolved in the 
corrosion products can be determined simultaneously, and the 
detection limits for Fe, Cr and Mo are generally in the range of 
10“®ug to 10“^ug,
In the 1960s, Novakoski and Likhachev [128] employed a radiotracer 
technique to study the mechanism of passivation of iron marked by 
Fe59, in 0,1N sulphuric acid solution. The sensitivity of the 
method for Fe was about 10”9g equivalent of iron from 1 cm2 
of the electrode surface, which allowed fairly accurate measurement 
of the true dissolution rate of the passive tracer iron anode both 
in the stationary state and non-stationary periods after abrupt
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potential changes.
Fig. 3.1 showed that a positive shift of potential from 0.8 to 0.9 
V (SHE) caused a spurt of anodic current. The slope of the curve, 
representing the accumulated radioactive iron in solution, changed 
in accord, indicating a change in the dissolution rate of iron.
Fe
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Fig. 3.1 Change in anodic current and the quantity of dissolved 
metal at jump of potential from +0.8V to +0.9V [128]
Subsequent calculations revealed that 10- 20# of the anodic current 
was related to the thickening of the passivating oxide film and the 
remainder was associated with changing the true rate of the 
corrosion process. Their results from radiotracer technique showed 
that the transition of the metal into solution proceeds according 
to the electrochemical mechanism, not through the stage of
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chemically dissolution of the phase oxide film.
Using gamma spectrometry for solution analysis, XPS and AES for 
surface analysis, Kolotyrkin and co-workers investigated the 
selective dissolution behaviour and the role of alloying components 
in the formation of passivating layers on iron-base alloys [20-22], 
They were able to monitor the dissolution rates of the alloy and of 
its individual components during passivation. It was found that 
selective dissolution of iron from the alloys resulted in the 
enrichment of chromium, not only in the passivating film but also 
in the metallic phase underneath the passive film. Surface 
analyses of the passive films by XPS and AES confirmed the 
enrichment of Cr and/or Mo in the passive films. They introduced 
the selectivity coefficient 2 to characterize the selective 
dissolution of alloying components while the film composition was 
characterized by Cr/(Cr+Fe) ratio. It was a pity that the 
correlations between the dissolution kinetics and the passive film 
formation kinetics were overlooked in their studies.
The latest application of gamma-spectrometry to corrosion study in 
the literature was that of Hultquist and co-workers [62] in 1987, 
who were concerned with the dissolution behaviour of iron, 
chromium, molybdenum and copper from pure metals and from ferritic 
stainless steels. And again, their attention was focussed on the 
dissolution kinetics only, the kinetics of passive film formation 
was excluded. Selective dissolution of iron and simultaneous 
surface enrichment of chromium was observed. After exposure to
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sulphuric acid solution, a marked enrichment of metallic copper was 
found in the surface of copper-bearing steel. Moreover, a slight 
surface enrichment of molybdenum was detected after exposure of the 
steel in neutral and sulphuric acid solutions. An interesting 
observation they also made was the effect of the ratio of the 
electrolyte volume to the exposed sample area on the 
characteristics of the passivating film. An increase in the 
electrolyte volume would result in a thinner film with higher Cr 
content.
In parallel with the use of gamma-spectrometry for solution 
analysis in corrosion studies of iron base alloys by Kolotyrkin and 
co-workers in Moscow and Hultquist and co-workers in Sweden, 
another solution analytical technique, atomic absorption 
spectrometry (AAS) was adopted by M, B, Ives and co-workers in 
Canada to study the passivation characteristics of Ni-Mo alloys 
[78,79], The wavelength and sensitivity of their flameless AAS 
were as follows, Ni: 232,0 nm, 2,7 x 10“9g/mi; Mo: 313,1
nm, 2,5 x 10_9g/mi,
With the advances in modern analytical chemistry, a more 
sophisticated solution analysis technique, the Inductively Coupled 
Plasma Atomic Emission Spectrometry (ICP-AES) was introduced into 
corrosion research by Nishimura and co-workers in Japan [80,129], 
Lott and co-workers in U,S,A [130], Attractive features of the 
ICP-AES include multi-element capability, high sensitivity and 
relatively few matrix problems. Over 20 elements dissolved from a
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corrosion product can be analyzed simultaneously and the detection 
limits for most elements are at 10 ppb level.
In a study of the selective dissolution of SUS 304 and SUS 316 
stainless steels in HC1 solution, Nishimura and co-workers 
determined the ionic composition of six elements dissolved in the 
electrolyte for each steel polarized at different potentials for 1 
h. The solution analysis results for SUS 304 (Fig, 3,2a) showed 
that in the passive potential region, selective dissolution of iron 
in solution was the main cause of the chromium enrichment in the 
passive film. The dissolution behaviour of Ni, as demonstrated in 
Fig, 3,2, was rather difficult to explain. At least, surface 
enrichment of Ni would have been expected in the active and 
transpassive potential regions. In the passivation of SUS 316 
steel (Fig, 3,2b), however, it was shown that Ni and Mo were 
selectively dissolved, while Fe and Cr were likely to be enriched 
in the passive film.
Solution analytical techniques have special significance in the 
studies of localized corrosion, ICP-AES was also used by Lott and 
co-workers in a study of the crevice corrosion of 304 stainless 
steel in 0,1 N NaCl solution [130], During the initiation of 
crevice corrosion, the composition and concentration of the 
solution within the crevice change with time, the determination of 
these subtle changes in composition and concentration of the 
solution with the crevice would help us understand the kinetics of 
the crevice corrosion of stainless steels. Fig, 3,3 shows the
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Fig. 3.2 Potential dependence of the ionic composition of six 
elements dissolved in solution for AISI 30*1 (a), and 
AISI 316 (b) after 1 h exposure in 1M HC1 at various 
potentials (I,II and III correspond to the potential 
regions of active, passive and transpassive). Dashed 
lines indicate the composition in bulk alloy L60],
variation of the solution composition within the crevice.
In the first 8 h of dissolution, about 90% of the total ions 
dissolved in the crevice are Fe, the remainder is Ni with of Cr, 
indicating that Fe and Ni are selectively dissolved on comparison 
with the bulk alloy composition. After 16 h of dissolution when
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Fig. 3.3 Relative concentration of the total metal 
species dissolved in crevice [130].
the breakdown had occurred, the amount of Fe ions dissolved in the 
crevice decreased to 80/6 of the total. And the composition of the 
solution would eventually approach that of the bulk alloy after 48 
h of dissolution when the surface area of the crevice had 
depassivated.
3.3 ICP-MS
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3*3-1 INTRODUCTION
In the continual search for the lower detection limits in elemental 
analysis the analyst has often been forced to contemplate more 
complex, expensive and time consuming techniques to achieve his 
aim. Although techniques such as NAA and solid mass spectrometry 
offer very low detection limits, they are generally complex, 
require skilled interpretation and are usually capable of only a 
low rate of sample throughput, at most a few samples per day, A 
major step forward was the introduction of ICP-AES which offers 
considerable operational convenience and multi-element capability 
with relatively few matrix problems. At the time when the exciting 
new technique of ICP-AES was reaching commercial exploitation, the 
idea to develop a new method to yield even lower detection limits 
without sacrificing convenience emerged. It appeared that mass 
spectrometry, such a powerful technique in organic chemistry, might 
be an attractive solution. The limitations of this technique for 
inorganic analysis were the difficulties in sample introduction, 
dissociation and ionization since the samples usually consisted of 
strongly bound, often refractory, inorganic molecules in solid or 
solution form. It was noticed that the atmospheric pressure 
electrical plasmas generated for solution analysis contained many 
analyte ions and had properties that could make them very 
attractive ion source if only the ions could be extracted into a 
mass spectrometer. This concept of sampling analyte ions from a 
plasma and introducing them into a mass spectrometer is nearly 2 
decades old and has now reached the stage of practical application.
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It stems from the pioneering research by Date and Gray [132] in the 
U,K, and Houk et al in the U,S,A, [133] (in collaboration with 
Gray), There have been two commercial instruments (VG Isotopes Ltd 
and Sciex Inc,) available on the market for about five years. The 
VG PlasmaQuad ICP-MS spectrometer in the U,K, market was based on 
the original research by Gray at the University of Surrey,
3,3,2 BASIC FEATURES OF THE ICP-MS
As the name suggests, ICP-MS is an unique combination of the 
convenience and speed of the ICP source with the flexibility and 
sensitivity of mass spectrometry. The ions produced at atmospheric 
pressure in the plasma are introduced into the quadrupole mass 
spectrometer, maintained at low pressure and analysed as a function 
of their mass to charge ratio. As a result of separating 
physically and counting the ions formed rather than measuring the 
optical emission from the excited state, its detection limits are 
greatly improved, for most elements being in the range of 0,01 to 1 
ng/ml in aqueous solution.
In addition to the improved detection limits, there are many other 
attractive features. The simplicity of having at least most of the 
species as singly ionized species makes the interpretation of 
spectra more straightforward and the response from analyte oxide 
and molecular peaks is very small. Good resolution and abundant 
sensitivity can be obtained from the large quadrupole mass 
analyzers used. Perhaps what made the ICP-MS more attractive than
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other techniques is its large multi-element capacity and very fast 
sample throughput. Over 90% of the elements in the periodic table 
are accessible to this technique and simultaneous determination of 
60 elements in a solution sample can be done in run times of a few 
minutes.
3.3.3 SYSTEM OUTLINE
3.3.3.1 THE INDUCTIVELY COUPLED PLASMA
ICP and DCP (direct current plasma) are two of the most commonly 
used excitation sources in atomic spectrometry. The plasma source 
used in the ICP-MS system is a standard type used for AES, as 
schematically illustrated in Fig. 3.4 [123].
Fig. 3.4 The Inductively Coupled Plasma (ICP) [1233
A sufficiently nebulized sample will be introduced to the hot zones 
of a high temperature ionized inert gas (usually argon is used) in 
which the necessary energy is supplied INDUCTIVELY by a high
HF
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frequency generator.
3.3.3.2 ION EXTRACTION SYSTEM
Introducing the ions formed in the plasma into the mass 
spectrometer is a key point to the success of this technique. Fig.
3.5 illustrates the normal locations of ICP torch, load coil and 
extraction aperture [135].
Water Cooled 
Front Plate
Torch Box
X
^ .Q u artx  Bonnet
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Electrode
ICP
Torch
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Coil
Expansion Stage 
P, * 0.9 torr
Stage 1 
P2 * 2x10’ *  torr
1cm
P0 *la tm .
Fig. 3.5 The Ion Extraction Interface L1353
In the first vacuum stage, gas flows through the aperture from the 
center of the tail flame and forms a jet, the core of which is
extracted by a sharp skimmer cone about 10 mm behind the aperture
into the high vacuum stage. The bulk of the entering gas will then
be pumped out. Potentials are not applied in the first stage but
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an ion lens in the second and third stages is used to focus the 
ions into the mass analyser, a large quadrupole (Fig. 3.6) [136],
RF voltage 
180° out-of-phase 
and -ve DC voltage
RF and 
♦ve DC voltages
source collector
quadrupole bars
Fig. 3.6 The Quadrupole Mass Spectrometer [136]
V
Fig. 3.7 Arrangement of plasma and mass spectrometer [137] 
1,2,3, Successive vacuum stages; 4,torch housing; 
5, radiofrequency matching unit; b,7, coolant and 
plasma gas inlet; 8, sample (injector) gas flow; 
9, ion lens; 10, quadrupole analyser; 11, ion 
detector; 12, signal output.
Ions arriving at the mass analyser pass along a central axis 
between four parallel rods (stainless or molybdenum), and are then
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detected by a channel electron multiplier-, The arrangement of 
plasma and mass spectrometer is shown in Fig, 3,7 [137],
3.3.3.3 ION DETECTION SYSTEM
A channel electron multiplier, operated either as a pulse counter, 
i,e, detecting individual ions, or a mean current detector, is 
used to detect ions arriving at the mass analyser. Single ion 
monitoring or mass scanning may be synchronised with a digital 
memory scan to store a single response. When scanning, the channel 
address corresponds to mass number and a spectrum can therefore be 
produced on a V,D,U, Normally, the selected mass range is scanned 
once per second, a total of 60 scans is stored in a 1 minute run,
3.3.3.4 ICP-MS: THE COMPLETE SYSTEM
The complete ICP-MS system is schematically illustrated in Fig, 
3,8 [134], The commercial instrument (VG PlasmaQuad) operating in 
the Chemistry Department of Surrey University is photographed in 
Fig, 3,9, This is the equipment on which solution analyses in the 
present study were carried out.
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Fig. 
3.8 
Schematic 
illustration 
of 
the 
complete 
ICP-MS 
system 
[13^].
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3,3,4 INSTRUMENT OPERATION
The operational convenience of the ICP-MS is largely due to the 
application of a multi-channel scaling data system (MCS), which was 
initially designed for use in X- and gamma ray spectrometry. The 
system is normally set with a data acquisition memory group of 1024 
channels, a dwell time per channel of 1 ms, and 60 separate sweeps. 
The quadrupole control is set for the first mass and the mass range 
required. Its scan is sychronized with each sweep of the MCS thus 
filtered ions with a specific mass to charge ratio (mass/charge, 
m/z) are always recorded in the same channel or group of channels. 
With such settings, a complete mass spectrum can be integrated and 
recorded in just over 1 minute. Data recorded in the MCS can then 
be transferred to other memory groups for permanent storage,
A typical PLASMAQUAD ELEMENT MENU showing the operating condition 
for the ICP-MS spectrometer is listed below:
Mass range 
Number of channels 
Number of Scan Sweeps 
Dwell Time (us)
Points per peak
Dac step between points
Number of Peak Jump Sweeps
50,94 to 62,63 a,m,u 
512 
120 
1000,000 
3 
10 
10
Skipped mass region; 
From 12,50 to 21,50 
From 39,60 to 41,50
Isotopes selected:
Element Name Symbol Selected Isotopes Peak Jump dwell
Chromium
Chromium
Cr
Cr
52
53
1000,000
1000,000
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Nickel
Nickel
Nickel
Iron
Iron
Fe
Fe
Ni
Ni
Ni
56
57
58 
60 
62
1000,000
1000,000
1000,000
1000,000
1000,000
3,3.5 ANALYSIS PROCEDURE
Multi-element standard solution samples, containing elements of 
interest (Fe, Cr, Ni, Mo) at 1 ug/ml, were prepared from 0,1 M 
sulphuric acid solution which was made from reagent grade 
concentrated acid and reagent grade water (produced from the 
Milli-Q Water System), A typical run sequence is attached in the 
Appendix, The peak integrals from the blank are first measured and 
substracted from the subsequent samples. Between samples the 
system was cleaned by running the blank 0,1 M sulphuric acid for 1 
minute to reduce any possible memory effects. When a solution is 
introduced into the nebulizer the response will normally appear in 
about 10 seconds and decay to about 10“3 of the full value in a 
few minutes after its removal, A sensitivity check was made by 
running a sensitivity standard at an interval of five samples. Any 
drift detected by the two consecutive sensitivity standards can 
then be corrected automatically by the computer when calculating 
the elemental concentrations.
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3,4 COMPARISON OF SYSTEM PERFORMANCE
A comparison of the detection limits for ICP-MS, ICP-AES, FAAS and 
NAA is tabulated in Table 3,1, As can seen, ICP-MS offers 
excellent detection over a wide range of element.
Table 3,1 Comparison of Detection Limits
Element ICP-MS
r
ICP-AES FAAS NAA*
ng/ml ng/ml ng/ml ng/g
Boron 1 3,2 1000
Magnesium 0,5 0,1 0,2 2550*
Aluminium 0,6 15 20 15*
Titanium 0,3 2,5 50
Vanadium 0,4 3,3 20
Chromium 0,2 4,1 3
Iron 0,5 0,4 4 50
Manganese 0,8 0,9 3
Cobalt 0,5 4 5
Zinc 3 1,2 0,6
Nickel 0,06 -- — —
Molybdenum 0,04 -- 2,5 0,05
Mercury 0,4 17 200
Lead 0,3 28 20
Bismuth 0,2 23 40
Uranium 0,4 170 7000
Values from Ref, [22,121,131,134]
In addition to the power of detection, the performance of a 
particular system covers many other aspects such as sensitivity, 
selectivity, element coverage, dynamic range, precision, freedom 
from matrix effects, accuracy, operational convenience, speed of 
analysis, ease of automation, isotope ratio capability and cost 
effectiveness. Some of the features have been discussed earlier in 
this chapter. In comparison with NAA, FAAS and ICP-AES, ICP-MS is
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a revolutionary new methods of analysis combining the speed and 
convenience of sample introduction into the ICP with the 
flexibility, high sensitivity and isotope ratio capability of 
atomic mass spectrometry. Its overall performance is superior to 
that of other techniques.
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4 SURFACE ANALYSIS
4,1 INTRODUCTION
Surface analysis has been extensively used in the chemical and 
physical characterisation of solid materials for about 20 years. 
The advent of new instrumental methods combined with the full 
development of existing ones has markedly increased the level of 
information available and continues to open up new and exciting 
areas of application (Fig, 4,1) [138], Corrosion science, for
instance, is one of the many disciplines which have greatly 
benefited from surface science, A general survey of the techniques 
in use today is tabulated in Table 4,1 [139], As can be seen, each 
technique has its own strength in application and it is therefore 
sometimes necessary to combine several complementary techniques if 
more comprehensive surface information is required. Among those 
listed in Table 4,1, X-ray Photoelectron Spectroscopy (XPS) or more 
commonly known as Electron Spectroscopy for Chemical Analysis 
(ESCA), and Auger Electron Spectroscopy (AES) are the two 
established surface analytical techniques used in the study of 
corrosion of thin films.
In this chapter, a brief review of the application of XPS in 
corrosion research will be given first, followed by the detailed 
introduction of the technique and instrument. The ion beam 
sputtering technique used in conjunction with XPS surface analysis 
will also be presented.
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4,2 XPS ANALYSIS IN CORROSION STUDY
Corrosion is a process of interfacial reaction. It begins and 
terminates at a very thin surface layer. Corrosive attack of a 
metal is initiated when a protective or passivating oxide surface 
film is ruptured, allowing the reaction between the active metal 
surface and the aggressive species from the environment. 
Repassivation can result from coverage of the surface by a few 
atomic layers of chemically inert substance which will again 
isolate the active metal surface from the corrosive environment. 
As discussed in Chapter 2, the corrosion resistance of passive 
stainless steels depends on the stability of passive films, which 
is directly related to the nature of passive films: composition,
structure and thickness. Corrosion science involves understanding 
the causes of corrosion as well as the methods of prevention. 
Since the scope of surface chemistry and physics related to 
corrosion processes is very broad, the successful application of 
surface analysis methods to many tricky corrosion problems requires 
thorough knowledge of both the surface science and the corrosion 
science.
From its early development in the 1960s by Siegbahn and co-workers 
at Uppsala [140], XPS or ESCA has brought about a massive growth 
and diversification of surface science with an extensive and 
interesting history of development well catalogued in the 
literature [138,141,142], The potential application of the 
then-new technique in corrosion research was foreseen by Castle
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[143] shortly after the ESCA equipment came into being in early 
1970s. He was probably the first to be able to correlate the XPS 
analysis with aqueous corrosion [144-146]. Because of his his 
contribution, together with that of other workers, XPS today is 
extensively used in corrosion research. Possible topics in the 
research areas are listed in Table 4.2 [146],
Table 4.2 Areas in corrosion research receiving benefit 
from surface science [145]
1. Passivity -  monolayer adsorption -  theories relating to d band filling
2. Very thin films (<  the tunnelling thickness)
3. The very thin film in aqueous conditions
4. The breakdown of passivity in the aqueous phase
5. The thin film -  interface and depth analysis
6. Anodic and chemical conversion layers
7. Thick film -  spalling and exfoliation interfaces
8. Coatings -  adhesion promotion and fracture route
9. Ancillary uses -  monitoring of surface preparation
10. Dynamic situations -  depletion effects, selective oxidation phenomena, assessment of mass 
transport, direction of change, environmental interaction
The nature of thin passive films formed on stainless steels has
been one of the most studied subjects in corrosion science. The
film composition, the depth profiles, the thickness and more 
importantly, the chemical states of elements in films, are 
generally obtainable from quantitative surface analysis by XPS. 
Information of such kinds will give a deep insight into the
corrosion property of a particular steel or an alloy in a specific
environment. The alloying effects of individual components can be 
related to the depletion effect and selective oxidation phenomena. 
Many studies have been cited in Chapter 2.
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4,3 BASIC PRINCIPLES OF XPS ANALYSIS
4,3,1 PHOTOIONIZATION AND ELECTRON PROCESS
The photoelectric effect was discovered by Hertz in 1887 [147], He 
observed that a spark occured more readily between two electrodes 
when the negative one was illuminated by ultra-violet radiation. 
Later investigations [148] showed that the effect was due to the 
electron emission from metals under illumination. Those electrons 
liberated from a surface upon electromagnetic radiation are 
referred to photoelectrons. X-ray Photoelectron Spectroscopy, XPS, 
has its origin in the concept of using X-ray as the exciting photon 
source. The emitted electrons, i,e, the photoelectrons have 
kinetic energies given by:
KE = hv - BE - W (4,1)
where hv is the energy of incident photon, BE is the binding energy 
of the atomic orbital from which the electron originates, and W is 
the spectrometer work function. The binding energy may be regarded 
as an ionization energy of the atom for the particular shell 
involved. In order to obtain information about the electron energy 
levels in the sample, it is essential to use a radiation source of 
well defined energy. The two most commonly used are Magnesium and 
Aluminium K alpha X-rays, which have energies high enough to excite 
the core level electrons. The former has an energy of 1253,6 eV 
with linewidth of 680 meV, while the latter has an energy of 1486,6
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eV with linewidth of 830 meV, These photons have limited 
penetrating power in a solid, of the order of 1 to 10 um, They 
interact with atoms in this surface region by the photoelectric 
effect, causing electrons to be emitted.
Instead of using photons of kiloelectronvolt energy, photons with 
much lower energy may be used to excite electrons in the solid. 
They are those based on the rare gas discharge lamps in the range 
of 10 to 50 eV with an inherent linewidth of a few 
milielectronvolts. Since these sources fall into the ultra-violet 
category, Ultra-violet Photoelectron Spectroscopy (UPS) is 
therefore derived. Unlike XPS, where emission from atomic core and 
valence levels is stimulated, the UPS source has only sufficient 
energy to excite valence level electrons and hence offers little 
analytical potential. It is, however, very useful in the study of 
the electron band structure of metals, alloys and semiconductors 
and of adsorption phenomena [149], Fig, 4,2 shows schematically 
the process of photoelectron emission [139], In addition to the 
photoelectrons emitted in the photoelectric process, Auger 
electrons may also be emitted due to relaxation of the energetic 
ions left after photoemission [150,151],
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This Auger electron emission occurs about 10“^  seconds after 
the photoelectric event (The possibility of emitting a fluorescent 
X-ray photon may be very small, only occurring in less than one 
percent of the events for light elements). In the Auger process, 
an outer electron falls into the inner orbital vacancy, a second 
electron is emitted, carrying off the excess energy. The Auger 
electron has kinetic energy equal to the difference between the 
energy of initial ion and the doubly-charged final ion, and is 
independent of the mode of the initial ionization (In Auger 
Electron Spectroscopy, i,e, AES, a primary beam of electrons is 
used as radiation source). Therefore photoionization normally 
leads to two emitted electrons, a photonelectron and an Auger 
electron. These two kinds of electrons are analysed together and 
cause the presence of Auger peaks in the XPS spectra, as shown in 
Fig, 4,3, By changing the radiation source from A1 to Mg, Auger 
peaks can be identified because they remain at the same kinetic 
energy irrespective of the incident photon energy,
4,3,2 THE NATURE OF XPS SPECTRA
In XPS, photoelectrons emitted from a sample are separated 
according to their kinetic energies. From equation (4,1), the 
kinetic energy can be converted into the binding energy thus 
relating the photoelectrons to the corresponding orbital energy 
levels. The spectrum can therefore be viewed as a plan of the 
orbital energy level versus the number of photoelectrons in a 
fixed, small energy interval.
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Fig, 4,3 is a typical XPS spectrum of the passive film on a 
typical stainless steel (18/8), The photoelectrons originating 
from the passive film are scanned in a wide range of orbital energy
0-1000 eV, forming a widescan spectrum. Since the binding energy 
measured for a peak is specific to the orbital from which the 
photoelectrons originate and hence to the atom from which it is 
derived, excellent qualitative elemental information is therefore 
obtained. Generally, a scan range from 0-1000 eV binding energy is 
sufficient for the identification of all detectable elements. Once 
the elemental composition has been determined, subsequent detailed 
narrow scans of selected peaks can be used to identify the chemical 
states of the elements. Any change in the chemical state will be 
reflected by changes in line energy, i,e, the so-called "chemical 
shift". Fig, 4,4 is a narrow scan spectrum of element Fe taken 
from the passive film on 18/8 steel. The peak position of Fe
2p3 / 2 line shifted from 706,75 eV for pure metal Fe to 710,7 eV 
for Fe in the passive film, showing that Fe presents in the passive 
film in different chemical states. The identification of chemical 
states depends mainly on the accurate measurement of line energies. 
To achieve this, it is essential to calibrate the voltage scale of 
the instrument precisely. If the sample is an insulator, 
correction must be made for the static charge. In this study all 
the samples used were good conductors, no static charging was 
observed.
In addition to the chemical state identification, detailed narrow 
scans can also be used for quantitative analysis of minor
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components and for peak deconvolution and other mathematical 
manipulations of the data. The following section will explore some 
aspects of XPS quantitative analysis.
CO-
CO“
Fig. 4.4 Narrow scan spectrum of Fe taken from the sample 
AISI 304 steel after passivation at 750mV for 1h
4.4 QUANTITATIVE ANALYSIS
For many XPS investigations, and particularly for the study of the 
passivation of stainless steels, it is very important to determine 
the relative concentrations of the components because the film 
composition is a major factor influencing the corrosion resistance 
of passive stainless steels. There are two quantifying methods 
based on the peak area sensitivity factors and peak height
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sensitivity factors. The one utilizing peak area sensitivity 
factors is more accurate and was adopted in this study. A 
generalized expression for the determination of the atomic 
concentration (Cx) of component x in a sample is given below:
where Cx is the atomic percentage of component x in the sample, Ix 
is the relative peak area of photoelectrons from element x, Sx is 
the atomic sensitivity factor. The method for determining peak 
height and peak area is illustrated in Fig. 4.5. The measurements 
of peak areas are sometimes complicated by shake-up lines in the 
spectra. It is often preferable to include the entire 2p or 3d 
region when measuring the peak areas (see Table 4.3).
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Fig. 4.5 Schematic illustration of the method for 
determining peak height and peak area
Values of the sensitivity factors differ from one laboratory to 
another, depending on the ESCA machine and operating conditions.
Some of the currently used in the Surface Analysis Laboratory of 
Surrey University are listed in Table 4,3*
Table 4,3 Sensitivity factors used in the 
Surface Analysis Laboratory of Surrey University
Element Symbol Line Sensitivity factor
Iron Fe 2p3/2 1,8
Chromium Cr 2p3/2 1,1
Nickel Ni 2p3/2 1,7
Molybdenum Mo 3d 2,75
Manganese Mn 2p3/2 1,00
Tin Sn 3d5/2 5,00
Carbon C 1 s 0,27
Oxygen 0 1s 0,60
Nitrogen N 1 s 0,40
Argon A 2p 0,96
Sulphur S 2p 0,35
Chlorine Cl 2p 0,42
4,5 INSTRUMENTATION
4,5,1 GENERAL DISCRIPTION
The instrument used to carry out XPS analysis in this study is a 
VG's ESCA3 Photoelectron Spectrometer which is depicted in Fig, 
4,6, It is fitted with a high intensity twin anode X-ray source, 
providing both A1 K alpha at 1486,6 eV and Mg K alpha at 1253,6 eV, 
This twin anode capability allows the examination of a sample at 
two different energies simply by operating a change-over switch on 
the control console.
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The important application of the twin anode source is to assist the 
elucidation of complex spectra where photoelectron and Auger peaks 
overlap. Spectra taken on the same sample with the two anodes will 
show differences because Auger peaks are not dependent on incident 
energy but photoelectron lines are. In this work, A1 K alpha 
radiation source was used.
The location of the X-ray gun is in the analyser chamber, which is 
fitted, in addition with the X-ray source, with an electron gun, an 
ion sputter gun and a photoelectron analyser. The chamber is 
maintained clean in a UHV environment (better than 10“9 torr) 
at all times during the experimental period. The sample 
preparation chamber is attached to the analyser chamber by a linear 
drive mechanism. The two chambers are isolated from each other at 
all times except when transferring a sample between them. The 
isolation is achieved with a gate valve when the sample is in the 
preparation chamber. When the sample is in the analyser chamber, 
isolation is achieved when the sample probe is fully extended. The 
sample preparation chamber and its independent pumping system thus 
provide a vacuum lock for relatively quick loading of a new sample,
4,5,2 THE HEMISPHERICAL ANALYSER
The photoelectron analyser fitted in the analyser chamber is an 
essential part of the ESCA machine. The energies of photoelectrons 
emitted from a sample are analysed in this component. It comprises 
an inner and outer hemisphere as shown in Fig, 4,7, so as to
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provide a constant separation between them, A positive voltage can 
be applied to the inner hemisphere and a negative voltage to the 
outer.
The plate in front of the analyser hemispheres that contains entry 
and exit slits is called the Herzog or "H" plate, to which the 
Retard Voltage is applied. The inner hemisphere is made positive 
with respect to the H plate and the outer is made negative so that 
the voltage between the hemispheres gives the required pass energy.
The photoelectrons emitted from a sample pass through a variable 
entry slit and enter the analyser. Under the influence of the 
electrostatic field between the hemispheres, they follow a curved 
path of constant radius. High energy electrons moving at a 
relatively high speed are not deflected very much by the 
electrostatic field between the hemispheres so they strike the 
outer hemisphere. Conversely, low energy electrons are easily 
deflected and they strike the inner hemisphere. Only those with 
the correct energy are deflected just sufficiently for them to pass 
between the hemispheres and emerge from the exit slit where they 
are detected using a channel electron multiplier (channeltron),
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The resolution of the analyser is improved by the entry slit which 
ensures that the electrons enter the analyser close to the 
electrical neutral axis between the hemispheres. Further 
improvement can be achieved by the exit slit which allows only 
those electrons that are close to the neutral axis to reach the 
channeltron and be detected. An expression of the resolution is 
given below [ 152]:
wE
dE = -------  (4,3)
2R
where dE is the full width at half maximum height (FWHM) of 
the peak in a XPS spectrum;
E is the pass energy;
w is the slit width;
R is the mean radius of the hemispheres (10 cm),
For the ESCA3 machine in Surrey, a pass energy of 50 eV and a slit 
width of 2 mm would give a nominal analyser resolution of 0,5 eV,
4,5,3 THE AG2 SPUTTER ION GUN
Either for cleaning a sample or for acquiring depth information
near a surface, ion sputtering has been widely used in surface 
analysis. Fitted with the ESCA3 machine, the AG2 sputter ion gun 
is a cold cathode source ion gun with ion beam extraction,
acceleration and focusing as shown in Fig, 4,8,
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Fig. 4.8 The AG2 sputter ion gun, its dimentions (a) 
and components (b,c).
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The magnet surrounding the ion source can be easily removed for 
baking the AG2 to 250°C' The materials from which the ion 
gun is made are UHV compatible. Argon gas is used as the ion
source since inert gas ions are less likely to interact with the 
surface under study and argon gas is readily available. The 
residual oxygen in argon gas can be removed or further reduced by 
passing it through a furnace which contains titanium powder before 
bleeding it into the AG2 ion gun.
The ion acceleration can be operated in the range of 0 to 10 keV, 
The beam energy depends on the discharge condition in which the 
ions have an initial energy of 1,5 keV, Beam current depends on 
the accelerating electrode potential, at which ions are extracted 
from the source, and on the argon pressure in the discharge. To 
control both the energy of ion beam and the focusing of the ion 
beam, two separate high voltage supplies (10 kV positive with 
respect to earth) are provided in the AG2 control unit. In this 
work the AG2 ion gun was operated under following conditions:
Energy of the ion beam: 
focusing of the ion beam: 
Argon pressure:
Current:
3 kV 
2 ~ 2,5 kV 
10“6 torr 
10 uA
Sputter rate: 1,77 nm/minute
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4,6 SPUTTER DEPTH PROFILING
4,6,1 INTRODUCTION
The information in depth concentration profiles is very important 
in the understanding of many processes in corrosion such as 
passivation, oxidation, and diffusion etc. Profiling can be 
achieved by successive removal of surface layers with inert ion 
bombardment interspersed with recording the intensity of the 
electron or ion signal. The results, as a function of sputter 
time, can be converted into thickness if the sputter rate is known. 
This method of profiling is destructive in nature as compared with 
other non-destructive techniques based on an analytical signal 
parameter, either intensity or energy that has a well-defined 
dependence on its depth of origin. Interpretation of the angular 
intensity profile is a typical example of non-destructive technique 
commonly used in parallel with ion beam sputtering. As the 
take-off angle changes, the intensity of the photoelectrons emitted 
from the surface changes accordingly, as described by the 
Beer-Lambert equation:
Id=Io exp(-d/^sin#) (4,4)
where 1^ iS the flux of electrons derived from a depth d below 
the surface; IQ the total yield of electrons from the
materials; is the inelastic mean free path for the electron 
energy and material and 0 is the electron take-off angle relative 
to the sample surface. The depth information obtainable by 
non-destructive techniques such as this is generally limited to a
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few nanometers and thus only sensitive to thin layers. It can be 
calculated that 95$ of the total photoelectron intensity originates 
from a depth of 3Jvsin0, Since ion beam sputtering is an in-situ 
erosion of the sample surface by a beam of inert gas ions, the 
depth information can be obtained over a far deeper range: from
0,5 nm to 1 urn, and typically, a few tens of nanometers. In 
interpreting the results, however, great cares should be taken as 
the accurracy of the analysis is affected by the uncertainties 
associated with the ion bombardment process. In this section, some 
of the possible effects induced by ion beam sputtering are briefly 
outlined. The rate of sputtering is also discussed as it is 
crucial to determine the thickness of the material removed,
4,6,2 SPUTTER INDUCED EFFECT
4,6,2,1 PREFERENTIAL SPUTTERING
This phenomenon is referred to the preferential removal of one 
component from the outermost surface of an alloy or oxide due to 
the different sputtering yields. Preferential sputtering can cause 
depletion of the preferred element(s) or the enrichment of the 
unpreferred component in the surface. For example, the 
controversial argument about the enrichment or depletion of Mo in 
the passive film [19] was difficult to resolve solely by surface 
analysis because of the different sputtering yields of Mo, Cr, Ni 
and Fe, Asami and co-workers [153] have demonstrated that ion beam 
etching is actually not uniform and the removal of materials is not
90
a layer-by-layer process. The surface composition change for Ni 
alloys after etching for 30 minutes at 10 kV is given in Table 4.4 
[153]. The distortion of the surface composition by preferential
Table 4 .4  P r e f e r e n t ia l  e tc h in g  e f fe c t  o f  a rg o n  ion s p u tte r in g  on  some
NICKEL ALLOYS [153J
Alloy Element
Composition (at.%) 
Initial Final
Ni-50at.% Fe Ni 41.50 29.45
(crystalline) Fe 58.50 70.55
Ni-20at.% P Ni 64.14 65.14
(amorphous) P 35.86 34.86
N i—40 at. % Fe-20 at. % P Ni 40.13 20.84
(amorphous) Fe 12.98 66.80
P 46.89 12.36
sputtering usually confines to the outermost atomic layers. 
Pickering [154] has calculated that the thickness affected by 
preferential removal under steady-state conditions is of the order 
of an atomic radius, provided that the sputtering enhanced 
diffusivity is low. The degree of the preferential removal of one 
component should decrease with time since the impoverishment of the 
preferred component in the surface region will increase with time. 
This will eventually leads to a steady-state concentration where 
both components are sputtered at constant rates, which are in the 
same ratio as the components in the bulk alloy.
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4,6,2,2 BEAM INDUCED REACTIONS
Another major effect that may be induced by ion beam is the 
chemical decomposition. Ion bombardment of some oxides may result 
in the reduction of oxides to lower valence states or even to 
metals [155], Asami and co-workers [153] have shown that after ion 
bombardment, Fe(III) in haematite was reduced to Fe(II) and further 
to Fe (metal), Cr(VI) in chromate was reduced to Cr(III), and W(VI) 
in tungsten oxides was reduced to W(metal) via intermediate species 
of W(V) and W((IV), Partial decomposition of Ni(0H)2 to NiO 
after ion bombardment was observed by McIntyre and Zetaruk [156], 
while no evidence was found for the reduction of NiO to Ni or for 
any changes in Cr2o3 composition.
Work by Richardson [152] and Clayton [157] in this laboratory, 
however, has shown that Fe2o3 and Ni(0H)2 are stable, 
suggesting that the standard ion beam conditions used in this 
laboratory are less aggressive than those adopted by other research 
groups.
In addition to the beam induced oxide reduction, there are some 
other reactions associated with ion beam sputtering. Species like 
oxygen or carbon either from external sources or from vacuum may 
react with other species on the surface, chromium, for instance. 
It was reported that even very small amount of oxygen contamination 
could make it impossible in practice to obtain metallic chromium by 
ion beam sputtering [152], The formation of a carbide due to the
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reaction between carbon deposited from the vacuum and chromium on 
the the surface was observed under the ion bombardment of the 
sample [158],
4,6,3 SPUTTERING RATE
This is one of the key parameters in ion beam depth profiling as 
the sputtering rate is directly related to the amount of materials 
removed. The difference in sputtering rate between the components 
of an alloy or oxide accounts for the preferential sputtering, as 
discussed above. Under the same sputtering conditions, the 
sputtering rate varies considerably from material to material. The 
sputtering rate of pure metals can be several times greater than 
that of their oxides, while single oxides also sputter at varying 
rates. The first report on the sputtering rates of Fe, Cr, and Ni 
oxides were given by McIntyre and Zetaruk who etched through the 
individual oxides of known thicknesses. They also prepared a
mixture of ^r^Q^ and Fe30ij oxides by 
coprecipitation for the study of preferential sputtering. It was 
shown that the Fe/Cr ratio remained unchanged before and after ion 
bombardment, indicating that little or no preferential sputtering 
of these components occurred to the oxide mixture. They suggested 
that the removal rate of an oxide mixture was controlled by the 
component with the lowest sputtering rate. Their results are 
listed in Table 4,5 for comparison with other literature values.
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Table 4,5 Sputtering rate for some materials (nm/min)
Material Rate Conditions used Reference
Fe203 4,0 Ion flux 20 mA/cm2 McIntyre and
NiO 4,0 Beam energy 3-0 keV Zetaruk [156]
iiii
CO
o<\J
I-
o
1,4 Pressure 10“^P&
t 12°3 0,56
l e 2°3 1,71
Ta205 1,86 Beam current
4,5 uA/cm Mathieu, Datta
NiO 1,86 Beam energy and Landolt
SiO 1,10 2 keV Kr [159]
Oxide on
stainless Beam energy 3 keV Richardson
steels 1,5 Beam focus 1,5 kV [152]
Current 10uA
Oxide on Voltage 2 kV Asami, De Sa
Fe-Cr alloys 1,2 Pressure 1 0 “ ^ Pa and Ashworth
Current 20 uA/cm2 [153]
Oxide on Voltage 500 V Seo and Sato
Fe-Cr alloys 0,15 Current 5 uA/cm2 [160]
It is noted in the table that the sputtering rates of Fe and Ni 
oxides obtained by Mathieu et al are considerably less than those 
determined by McIntyre and Zetaruk, due to the different sputtering 
conditions they used. The dependence of the sputtering rate on the 
ion accelerating voltage and beam current density can be seen from 
the results of Asami et al [153], Seo and Sato [160], It is 
customary in practice to calibrate the film thickness against 
tantalum oxide, which has been accepted as standard reference 
material in ion beam sputtering, A beam current of 3«5 uA/cm2, 
under the argon pressure of 10“  ^Torr, would correspond to a 
sputtering rate of 0,62 nm/min for this reference material
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[161,162], In this study, the conditions under which the AG2 ion 
sputter gun operates give a sputtering rate of 1,77 nm/min relative 
to the tantalum oxide scale,
4,6,4 CONCLUDING REMARKS
In terms of the structure, composition and thickness, passivating 
films formed on stainless steels are apparently different from 
those pure oxides or oxide mixtures prepared from its pure metal 
components, such as those used for the study of the beam induced 
effects [153-156], Hence, the gross surface modifications induced 
by extensive ion bombardment of 20-100 nm thick oxides are most 
unlikely to occur in etching through the passivating films of only
1-6 nm. Precautions, however are to be taken to ascertain the 
possibilities of preferential sputtering and chemical decomposition 
particularly when some unstable compounds are present in the 
passive films.
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5 ELECTROCHEMICAL MEASUREMENT
5,1 INTRODUCTION
Electrochemical techniques have been frequently applied in the 
evaluation of the kinetics and the mechanisms of corrosion 
processes due to the electrochemical nature of aqueous corrosion 
reactions [163,164], The application of polarization techniques, 
such as potentiodynamic and potentiosatic polarization, has special 
significance in corrosion research as this would reveal the 
corrosion behaviour of a material in general, and evaluate the 
effect of individual alloying components on the kinetics of the 
electrochemical reactions which control the corrosion processes in 
particular.
The first polarization curve was probably measured by Olivier [37] 
who used a potentiostat to study the passivation behaviour of Fe-Cr 
alloys. Following his endeavour, many investigators adopted this 
technique and the literature in the late 1950s and 1960s was 
dominated by the results obtained using polarization techniques. 
With the development in computer science, the recording of 
polarization curves today has become routine as softwares are 
widely available for the performance and analysis of such tests.
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5,2 INSTRUMENT
In this study, potentiodynamic polarization curves were measured 
using a computer-controlled potentiostat (Model 173, EG & G, 
Princeton Applied Research), as depicted in Fig, 5,1, The 
microcomputer (Apple II) is interfaced with the potentiostat and is 
menu driven by a corrosion software (Model 332 SoftCorr), The 
set-up parameters, such as scan rate, potential range, activation 
potential and time can be input into the computer as required,
A Wenking Potentiostat (Model LT78) and a Voltage Integrator (Model 
EVI 80) were used to perform the electrochemical measurement for 
samples passivated at fixed potentials (Fig, 5,2), The former 
allows direct reading of voltage and rest potential, the latter 
records the integrals measured in volt-seconds across a standard 
resistor, which can be easily converted into ampere-seconds, i,e, 
coulombs, as a measure of the total charge passed through the 
electrodes.
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5,3 DESIGN OF TEST CELL
To minimize the possible errors arising from solution analysis, a 
tiny electrolytic cell of two compartments, with a working volume 
of 15 ml, was constructed for all 1 hour exposure tests. This 
would keep the concentrations of the ions in solution comparatively 
high. In prolonged exposure tests, however, a larger cell with a 
working volume of 60 ml was used so as to provide enough solution
for about 10 samplings at different time intervals. The ratio of
solution volume to specimen area was kept in between 10 and 15,
In order to avoid chlorine contamination, the mercury-mercurous 
sulphate electrode was chosen as the reference electrode in this 
study (MSE for short), instead of the commonly used saturated
calomel electrode. The assembly of test cell and reference 
electrode is illustrated in Fig, 5,3, The concentration of the 
sulphuric acid in the MSE reference electrode is the same as the 
electrolyte in the test cell. Thus the concentration difference
potential could be neglected. The MSE (0,1M) reference electrode 
was calibrated against a saturated calomel electrode and converted 
into SHE scale: E(0,1M-MSE)=691-695 mV (SHE), The platinum
counter electrode was cleaned in boiling aqua regia. The test 
solution, 0,1M sulphuric acid, was made from reagent grade 
concentrated acid and reagent grade water ( 18 megohm-cm at
25°C, produced from the Milli-Q Water System operating at the 
Microbiology Department, University of Surrey ), All measurements 
were performed at 19,8-21°C and the cell was open to air.
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counter electrode
reference electrode
working electrode
Fig. 5.3 Assembly of the test cell and reference electrode
5.4 SPECIMEN PREPARATION
Three kinds of alloy steels were used in tnis sutdy, A Fe-Cr 
binary alloy and two ternary alloys bearing Mo and Ni respectively. 
Tfteir compositions, in botn weight percent and atomic percent are 
tabulated in Table 5«1*
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Table 5,1 Chemical analysis of the samples
Sample Fe17Cr Fe15Cr4Mo Fe19Cr10Ni
C wt* 0,022 0,010 <0,08
at* 0,099 0,047 <0,36
Si 0,047 0,045 <1,00
0,094 0,091 <1,95
Mn 0,0054 0,0012 1,80
0,005 0,0012 1,79
P 0,004 0,006 <0,04
0,007 0,011 <0,07
S 0,0023 0,0042 <0,03
0,0039 0,0074 <0,05
N 0,019 0,012 _______
0,077 0,049 -------
Al <0,001 <0,001 ----- —
<0,0022 <0,0021 -------
Cu <0,40
<0,34
Cr 16,8 14,9 18,5
17,78 16,24 19,44
Mo <0,01 4,02 —
<0,0055 2,37
Ni 9,60
8,94
Fe 83,09 81,00 68,55
81,93 81,18 67,06
Samples were firstly wet ground on 240, 400, 600, and 1200 grit
silicon carbide papers and followed by polishing with diamond paste 
down to 0,25 urn finish. The polished samples were rinsed in 
acetone , ultrasonically cleaned in Milli-Q water and dried in air.
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The dimension of the samples should be suitable for XPS analysis in 
addition to meeting the requirements of solution analysis by 
ICP-MS. In 1 h exposure tests, the exposed area of samples is 
1x1,5 cm^, in prolonged exposure tests, however, it Increases 
to 2x2 cm2. Fig. 5.4 shows the actual dimension of the 
samples used in this study.
1
to
2 cm
Fig. 5.4 Actual dimension of the samples
5.5 EXPERIMENTAL PROCEDURE
In potentiodynamic polarization measurement, the samples were 
firstly cathodically conditioned at -1200 mV(MSE) for 5 min. These 
parameters can be input into the microcomputer during experimental 
set-up. The current-potential curves were then recorded at a 
sweeping rate of 30 mV/min.
in
lcm
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The procedures involved in the passivation of samples at fixed 
potentials were as follows: firstly the sample was cathodically
polarised at 5mA/cm^ for 5 minutes, thus dissolving the 
air-formed oxide in the solution; next the sample was held at open 
circuit (corrosion potential) for 5 minutes to desorb a monolayer 
of hydrogen that deposits on the surface during cathodic reduction; 
then the anodic potential is applied in one step, prior to which a 
0,5 ml solution sample was taken from the cell and the base 
concentrations of Fe, Cr and/or Mo determined (the correction terms 
attributed to the dissolution of air-formed oxide films); 
samplings were then made after anodic polarization for different 
time intervals; the variations of current with time were 
simultaneously recorded for the given time; and finally samples 
were taken out of the cell under the applied potential, rinsed in 
Milli-Q water, dried in air and held ready for XPS analysis.
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6 RESULT AND DISCUSSION
6.1 EFFECT OF ALLOYING COMPONENTS
Fig. 6.1 illustrates the potentiodynamic polarisation curves for 
the three alloys measured in 0.1 M sulphuric acid solution. The 
characteristics of each curve are summarized in Table 6.1.
Table 6.1 Characteristics of the polarization curves
E E E. E i icorr pp f t pp pass
Sample mV (SHE) uA/cm2
Fel7Cr -328 -230 -90 + 1120 2185 5.6
Fel5Cr4Mo -256 -222 -100 + 1120 301 5.5
Fel9CrlONi + 125 + 150 +250 + 1120 9 2.2
N.B. E = Corrosion potential corr r
E = Peak passivation potential
pp
Ef = Flade potential
E = Transpassive potential
i = Peak passivation current
p p
i = Residual passive currentpass
The alloying effct of Mo and Ni on the passivity of the binary 
steel in sulphuric acid can be seen on the comparison of the 
characteristics of the polarization curves. The corrosion potential 
of the Mo-bearing steel is higher than that of the binary steel. 
The addition of 4% Mo lowers the peak passivation current density 
by as much as seven times. In the passive potential region, 
however, the residual passive currents for the two alloys are 
almost the same. In the transpassive potential region, the
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dissolution current for the Mo-bearing steel is seen to be smaller 
than that for the binary one. Thus the beneficial effect of Mo on 
the corrosion property of the Fe-Cr binary steel lies in the active 
and transpassive potential region, it does not make much difference 
in the dissolution rate within the passive potential region. In 
fact, there even exists a negative effect of Mo at potentials 
between -100 and 300 mV (SHE) in the figure. This negative effect 
of Mo was also observed by Kolotyrkin and Knyazheva [20] who found 
that at 250 mV, the dissolution rate of Fel8Cr3Mo steel was 6 times 
higher than that of Fe18Cr, the Mo free alloy. It is also 
conspicuous from the figure that the influence of nickel is even 
more pronounced than that of Mo on the passivity of the Fe-Cr 
binary steel. The addition of 9,6# of Ni not only suppresses the 
peak passivation current density over 2 orders of magnitude, but 
also notably shifts the corrosion potential very positively. The 
extremely low residual passive current density for the Ni-bearing 
steel is thought to be due to the alloying effect of other 
additional elements in the steel.
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Fig.6.1 Polarisation curves of Fe17Cr, Fe15Cr4t1o and 304 SS steels in
0.1 M sulphuric acid at 22°C (30mY/min, without IR drop correction)
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a Fe17Cr at +758 mV(SHE)
o FelSCHNo at +758 aY(SHE) 
o Fe18.5Cr9.6Ni at +758 mV(SHE) 
x Fe17Cr at +928 mVCSHE)
+ Fe15Cr4No at +928 mV(SHE)
Samples polarised in 8.1M H2SO4 at 22 C
8.
8 5
Fig. 6.2
18 15 28 25 38 35 48 45 58 55 68
Polarisation time, minute
Variations oF current density with polarisation time
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The current decay curves for samples polarised at potentials of 750 
and 920 mV (SHE) are recorded in Fig,6,2, It is consistent with 
the features observed in the polarisation curves that Ni alloyed 
steel reaches the stationary state much more quickly than the 
others; while at the same potentials, Mo alloyed steel reaches the 
stationary state more rapidly than Fe-Cr alloy. Hence the 
passivity of the Fe-Cr binary alloy is greatly improved by alloying 
Ni or Mo,
The smoothness of the curves for Fe19Cr10Ni and Fe15Cr4Mo steels 
indicates that the passive films on their surfaces are very stable, 
with no breakdowns occurring throughout the period of investigation 
due to the alloying effect of Ni and Mo on film formation. The 
area under each curve in Fig,6,2 represents the total charge passed 
through the electrodes during 1 h polarisation. Values obtained by 
integrating the current-time curves are listed in Table 6,2,
6,2 EFFICIENCY OF FILM FORMATION
In terms of the oxide film theory, passivity is caused by the 
formation of a stable oxide layer which requires nucleation and 
lateral growth with necessary consumption of electrons. It is, 
therefore, reasonable to assume that the thickness of the oxide 
film thus formed is associated with this quantity of electrons. 
Assuming that Fe dissolves into solution as divalent ions, Cr as 
trivalent ions and Mo as hexavalent ions, then the quantity of the 
charge equivalent to the amount of metals present in solution can
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be calculated according to Faraday's law. Thus the excess charge 
over the amount equivalent to metal ions in solution should be
related to to the formation of ions precipitated within the 
passivating film and hence to its thickness. The efficiency of
film formation is therefore defined as the ratio of the charge used 
for film formation to the total charge passed during a passivation 
process,
Novakovski et al [128] studied the passivation of Fe in sulphuric 
acid and found that 10-20$ of the total current is used for the 
film formation, the rest is consumed by the dissolution of Fe, 
Snavely and Hackerman [165] investigated the anodic passivation of
Fe in Na^oij solution. By comparing the quantity of 
divalent Fe ions equivalent to the total charge passed with the 
quantity of Fe ions actually present in the solution, it was found 
that the deviation was 30$, indicating that 70$ of the total charge 
is consumed by the dissolution of Fe, In the present study of 
Fe17Cr passivated in 0,1M sulphuric acid, the film formation 
efficiency is similar to that of iron. As shown in Table 6,2, the
efficiency, in the case of the Fe17Cr binary steel, decreases
slightly from 38,3$ to 36,5$ as the potential increases from 750 mV 
to 920 mV, At the both potentials of 750 and 920 mV, however, the 
efficiency of film formation for the Ni and Mo alloyed ternary 
steels are seen to be much greater than that of the Fe-Cr binary 
one and in fact, it is about twice that formed on iron. This is 
consistent with the observed current decay curves which exhibited 
the effect of Mo and Ni on the formation of passivating film.
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6,3 SELECTIVE DISSOLUTION OF STEELS
6,3-1 SELECTIVITY COEFFICIENT
The results from solution analysis by ICP-MS for samples after 1 h 
polarisation are presented in Table 6,2, To characterise the 
partial dissolution behaviour of alloying components, the 
selectivity coefficient Z was introduced [21,22], it shows how many 
times the ratio of a given element, Mi, to the main component, 
usually Fe, in solution differs from that in alloy- Thus it can be 
expressed as:
( Mi/Fe) in solution
Z(Mi)= .........   (6,1)
( Mi/Fe) in alloy
If Z=1, simultaneous dissolution of the alloy would occur- 
If Z>1, selective dissolution of component Mi would take place- 
If Z<1, selective dissolution of Fe would occur.
Values of the selectivity coefficient Z for Cr and Mo, Z(Cr) and 
Z(Mo), are substantially less than 1 for the three steels after 1 h 
polarisation at different potentials- This is conclusive evidence 
for the depletion of Cr and/or Mo in solution and their enrichments 
either in passive films or in metals can therefore be expected-
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Table 6,2 Results from solution analysis for samples 
polarized in 0,1 HgSOjj for 1 h
Potential 750 mV 920 mV
Sample Fe17Cr Fe19Cr10Ni Fe17Cr Fe15Cr4Mo
Metals I Fe 1,8076 0,27547 3,8986 1,17030
dissolved i Cr 0,2141 0,04919 0,4174 0,07604
(ug/cm ) i Ni 0,06499 -----
I Mo 0,02890
Charge(mC/cm2) equiv.
to metals dissolved 7,4376 1,4392 15,7900 4,6419
Total charge passed 
(mC/cm ) 12,05 3,500 24,87 12,83
Efficiency of
film formation (%) 38,3 58,9 36,5 63,8
Selectivity
coefficient Z(Cr) 0,59 0,677 0,53 0,35
Z(Ni) --- 1,723 --- ---
Z(Mo) ---- --- 0,49
Selectivity
factor Sn Cr 0,630 0,681 0,576 0,400
cCr
---- 1,740 ----
?Mo ---- ---- ---- 0,564
Fe 1,075 1,009 1,086 1,132
Compared to Z(Cr) for Fe17Cr at 750 mV, Z(Cr) at 920 mV is slightly
smaller, indicating a stronger enrichment of Cr occurred at higher
passivating potential. The difference between the binary and
ternary steels can be seen from the values of ZCCr) both at 750 and 
920 mV, showing that more severe selective dissolution of Fe took 
place on the surface of Mo-bearing steel since the value of Z(Cr) 
for Fe-Cr-Mo steel is much less than the value for Fe-Cr steel. 
Thus Mo influences the dissolution behaviour of the Fe-Cr binary 
steel in such a way that it enhances the selective dissolution of
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Fe and stimulates the accumulation of Cr in the passive film. The 
fact that the value of Z(Cr) for the Ni-bearing steel is greater 
than that for the binary suggests a less intensive enrichment of Cr 
in its passivating film. It is interesting to note that Z(Ni) is 
much greater than 1, indicating the enrichment of nickel in 
solution. For a system of binary alloy, either Fe-Cr or Fe-Ni, the 
selectivity coefficient can be easily interpreted, i,e,, Z(Cr)<1, 
selective dissolution of Fe would take place; Z(Ni)>1, selective 
dissolution of nickel would be the case. For a ternary or 
multi-element alloy, the conventional definition of the selectivity 
coefficient [21,22] seems to be inadequate in the characterization 
of the dissolution behaviour of individual components. For 
example, in the case of Fe-Cr-Ni steel, the results from ICP-MS 
showed that Z(Cr)<1, which can be conventionally interpreted as a 
consequent of selective dissolution of iron in the solution; while 
Z(Ni)>1, however, means that nickel is selectively dissolved, and 
consequently, iron is depleted in the solution, A contradiction 
thus arises concerning which element is undergoing selective 
dissolution,
6,3,2 SELECTIVITY FACTOR
The above argument can be clarified by taking into account the 
total amount of elements dissolved in solution when compared with 
the composition of a given element in an alloy. Therefore, the 
selectivity factor S is defined in this study as
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(Mi/Oin solution
SMi =  -------------------  (6,2),
(Mi$)in alloy
Where Mi# is the composition ratio of any element to the sum of all 
constituents. Thus the selectivity factor S directly shows how 
many times the composition of a given element dissolved in solution 
differs from that in alloy. And it can be used to characterize the 
partial dissolution behaviour of any element in multi-component 
alloy systems. Even the main component in the alloy can be
characterized by such a selectivity factor S, It must be
remembered, however, that the magnitude of effect is indicated by
the products of S and the bulk concentration of the element in the 
alloy- Thus small changes in the factor S for the main component 
can correspond to very large changes in S for the minor components. 
For the Fe19Cr10Ni steel, we have:
(Cr#)in solution
S-  ---------------  (6,2a)
(Cr/Oin alloy
(Ni#)in solution
^Ni  ------------------ —  (6,2b)
(Ni/Oin alloy
(Fe#)in solution
 -----------------------  (6,2c)
(Fe#)in alloy
Values of $Qr f  Sjji and Spe calculated from ICP-MS 
results are also presented in Table 6,2, The value of Spg 
very close to 1, indicating that the main component of the alloy, 
Fe dissolves into solution in more or less the same proportion as
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its composition in alloy; j_s substantially greater than 1,
suggesting that nickel is selectively dissolved in solution and as 
a consequence of which, chromium enrichment in the passive film can 
be expected,
6,3,3 DISCUSSION
The use of selectivity factor makes possible the characterization 
of partial dissolution behaviour for every component in the alloy 
during the passivation process. The results revealed that the
enrichment of chromium in the passive film on the Ni-bearing steel 
is mainly caused by selective dissolution of nickel. The
dissolution of iron can hardly be considered as selective, 
Nishimura and co-workers studied the dissolution behaviour of 304 
and 316 steels in 1M HC1 solution using Inductively Coupled Plasma 
Emission Spectroscopy [80], in potential regions of film formation, 
it was reported that for 316 steel, selective dissolution of nickel 
occurred; while for 304 steel, nickel was dissolved in the same 
proportion as its composition in the alloy. Whereas Okamoto and
Shibata [13] suggested that the depletion of Ni in the passive film
formed on the commercial 304 steel in 1N sulphuric acid is due to 
the selective dissolution of nickel during the passivation 
treatment. Recently, Grimal and Marcus [166], in a XPS study of 
anodic dissolution and passivation of single crystal Ni-21$Cr-8#Fe
alloy in showed that Cr was enriched in the surface
during active dissolution and passivation, while nickel oxide was 
not detected in passive region. They suggested that selective
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dissolution of iron and nickel occurred in the active potential 
region. In the passive potential region, Fe was selectively 
dissolved and nickel was enriched underneath the passive film in 
the metallic phase of the alloy.
From a dissolution kinetics point of view, Muller [17], Kolotyrkin 
[167] and others [168] showed that the residual passive current 
density of pure nickel is substantially greater than that of pure
chromium and iron, as shown in Table 6,2 This might be one of the 
reasons accounting for the selective dissolution of nickel in
solution [13,169], The dissolution rates in the 
passive state for the pure metals concerned in this study were
reported to be in the following order [17,168,117]:
Mo < Cr < Fe < Ni,
Table 6,2 Comparison of the residual passive current density 
for pure Cr, Fe, Ni and 304 steel in 1N H2S0ij
Cr Fe Ni 304 SS
0,07 8,00 30,0 0,01
[17,167] [17] [17,167] [17,167]
Dissolution of the passive film on a pure metal is easily
envisaged. However, selective dissolution of an alloying component
from a ternary or greater alloy in the presence of a passive film 
requires the cation transport of the element to be explained, A 
detailed picture of this mechanism is yet to be established in the
literature. It is hoped that a study of the variation of the
uA/cm^
Reference
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selectivity factor of nickel with polarisation time would help to 
understand the factors which govern the selective dissolution of 
nickel in sulphuric acid solution, and this will be dealt with in 
Section 6,5,
6,4 CHARACTERISATION OF PASSIVE FILM
6,4,1 ELEMENTAL IDENTIFICATION OF THE XPS SPECTRA
XPS survey scan spectra can provide elemental information of the
passive films. As shown previously in Fig, 4,3 (Chapter 4), the
spectrum for Fe19Cr10Ni (AISI 304) steel passivated at 750 mV for 1 
h consists of many peaks which have been labelled in red for the 
major XPS peaks, in green for the minor XPS peaks and in yellow for 
the Auger peaks. The spectra for samples of Fe17Cr and Fe15Cr4Mo 
after different passivation treatment are recorded in Fig,
6,3-6,7, It can be seen from these spectra that carbon peaks are 
always present due to contaminations both from external and
internal sources as discussed in Chapter 4, The sulphur peaks are 
related to the sulphur adsorption from sulphuric acid solution. It 
is worth noticing that Ho is evidently detected from the passive 
films (Fig, 6,6-6,7),
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6,4,2 DEPTH PROFILE
The spectra before and after etching for different time for the 
passive film formed on Fe17Cr steel after 1 h polarization at 750 
mV are shown in Fig, 6,8(a,b,c), From the survey scan spectra 
(Fig, 6,8a), one can see that after 1 minute etching, the spectra 
become identical thus indicating that the oxide film has been 
sputtered away. For the Fe spectrum in Fig, 6,8b, two distinct 
peaks are observed in the initial spectrum before etching. One is 
corresponding to the metallic iron (BE=706,75eV), the other to the 
oxidized iron (BE=710,40eV), As etching proceeds, the oxide is 
gradually removed thus exposing the substrate to the vacuum. 
Hence, the intensity of oxidized iron decreases and eventually 
leaves nice, clean metallic iron spectra which can be seen after 
etching for about 1 minute. It is also worth noticing the change 
of the energy loss backgrounds of the spectra. Photoelectrons 
suffering from inelastic collision will loss their kinetic energy 
and thus appear in the high binding energy direction forming the 
background. Before removing the oxide, there are more electrons 
suffered from inelastic collision before being detected by the 
spectrometer. Subsequently, the background is higher than those 
after etching. The parallel backgrounds after etching for about 1 
minute indicate that the oxide layer has been removed from the 
substrate, therefore the inelastic collision is independent of 
etching time..
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Fig. 6.8 Comparison of tne XPS spectra before and after 
etcning for Fe17Cr passivated at 750mV for 1 n 
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As far as Cr spectra are concerned, the only one peak observed is 
oxidized chromium (BE=576,60eV), Etching for 1 minute is
sufficient to remove oxide and expose chromium in the metallic form 
(BE=573,80), with a significant peak shift.
Rather similar trends in the spectra of Fe, Cr and/or Mo for the 
specimens passivated under different conditions can also be 
observed through Fig, 6,9-6,12, The spectra of Ni, however, 
differ from those of Fe, Cr and /or Mo in that its intensity 
increases throughout the etching period and is, in each case, in
the metallic form (BE=852,60), No appreciable peak shift is
indicated. The tin signals in Fig,6,11a was due to the 
contamination from the solderings. The peak appears at 715 eV in
Fig,6,11b corresponds to Sn 3P(3/2), To avoid contaminations of
this kind, careful handling of the sample in the ex-situ analysis 
should always be borne in mind.
The binding energies and chemical shifts (peak shifts) of Fe(2p), 
Cr(2p), Mo(3d) and Ni(2p) for specimens passivated under various 
conditions are summarized in Table 6,3, The chemical shift is the 
difference between the binding energy of the oxide state and the 
binding energy of the metallic state. The measured values in the
Table 6,3 correspond to the highest valence state, i,e, Fe^+ ,
Cr3+ and Mo^+, which are also the strongest signals in the
spectra.
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etching for Fe17Cr passivated at 920mV for 1 n 
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Fig. 6.11 Comparison of tne XPS spectra before and after 
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Table 6,3 Binding energies and chemical shifts
Sample treated 
at ,mV for ,h
Oxide 
BE, eV
Metal 
BE, eV
Chemical shift 
BE, eV
750mV, 1h
Fe17Cr Fe 710,40 706,60 3,80
Cr 576,60 573,80 2,80
Fe19Cr10Ni Fe 710,80 706,8 4,00
Cr 577,00 574,20 2,80
Ni 852,60 852,60 0,00
920mV, 1h
Fe17Cr Fe 710,20 706,80 3,40
Cr 577,00 574,20 2,80
Fe15Cr4Mo Fe 710,00 707,20 2,80
Cr 577,00 574,20 2,80
Mo 231,80 228,20 3,60
750mV, 24h
Fe17Cr Fe 710,80 707,20 3,60
Cr 577,00 574,20 2,80
920mV, 69h
Fe19Cr10Ni Fe 710,40 706,80 3,60
Cr 576,60 574,20 2,40
Ni 852,60 852,60 0,00
6,4,3 COMPOSITION
The compositional depth profiles of passive films formed on 
different steels under varying conditions are presented in Fig, 
6,13-6,18, where the atomic concentration of the components was 
plotted against depth.
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Fig. 6.13 Compositional depth profile for sample Fel7Cr
polarised in 0.1 M H SO at 750 mV for 1 h. r 2 •*
143
At
om
ic
 
%
Ar
80
204
Depth, nm
Fig. 6.14 Compositional depth profile for sample 
Fe17Cr passivated at 750 mV for 24 h
At
om
ic
 
%
Ar
100
80 H
60-1
40
20H
48 60 84 108 120
Depth , nm
Fig. 6.15 Compositional depth profile for sample 
Fe17Cr passivated at 920 mV for 1 h
145
992
at
om
ic
 
%
v
2 Fe &
Cr Mo 0
100
80
60H
40H
20 H
depth (nm)
Fi^. 6.16 Compositional depth profile for sample 
Fe15Cr4Mo passivated at 920 mV for 1 h
146
99999
at
om
ic
 
%
100tz
3 4 5 6
depth (n m )
Fig, 6-17 Compositional depth profile for sample 
Fe19Cr10Ni passivated at 750mV for 1 h
at
om
ic
 
%
i
100i v; v v > v
80i
60h
40 i
0 4 62 8 1210 14 16
depth ( nm)
Fig. 6.18 Compositional depth profile for sample 
Fe19Cr10Ni passivated at 750mV for 69 h
It is seen that the concentrations of Fe, Cr, Mo and Ni increase 
with depth but remain almost constant after etching away a critical 
thickness of materials, depending on composition, passivating 
potential and exposure time. This critical thickness is considered 
to be the relative thickness of the passive film. Ideally 
speaking, immediately after this thickness, the concentrations of 
Fe, Cr, Mo and Ni should match their bulk concentrations in the 
alloys. This is not the case due to the contamination of various 
species from both internal and external sources. For instance, the 
contents of carbon and oxygen are still very significant even after 
the critical thicknesses, while the contents of argon and nitrogen 
increase with thickness. The high residual oxygen in the vacuum is 
responsible for re-oxidation of the fresh surface produced by 
etching. Amongst the elements, chromium was frequently found to be 
re-oxidized in the course of analysis after etching. This effect 
of re-oxidation can be minimised by setting the sequence according 
to the order of thermodynamic stability of the elements and by 
doing the analysis as quickly as possible. Considering the 
elements interested: Fe, Cr, Mo, Ni, C, 0, A, N, S and Cl, when
setting-up the experiment, sequence 1 is normally set for survey 
scan spectra, it would be better if sequence 2 is set for narrow 
scans of Mo, Cr, Fe and Ni, In doing so, each time when a fresh 
surface is exposed after etching, the easy-to-oxidize components 
will get analysed before other species like C, 0, A, N, S and Cl, 
and thus minimise the probability of interactions between the 
components and the residual oxygen.
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6,4,4 ENRICHMENT FACTOR
To characterise the composition of alloying component, Mi, in the 
passive film the enrichment factor f(Mi) is defined as:
If f>1, the passive film will be enriched in component Mi,
If f<1, component Mi will be depleted in the passive film.
If f=1, the surface composition remains the same as bulk alloy.
Thus the surface enrichment factor directly shows how many times 
the concentration of component Mi in a passive film differs from 
the bulk concentration in the alloy. This is a more 
straightforward way of evaluating the surface enrichment of ions in 
passive films. It is recalled that it is the product of the bulk 
concentration of the component Mi and the enrichment factor which 
represents the relative concentration of the component in the 
passive film. The chromium enrichment factors, f(Cr), for the 
three steels are given below as an example:
(Mi/Oin film
f(Mi)= - (6,3)
(Mi$)in alloy
Cr/(Cr+Fe)in film
f(Cr)= - (for Fe17Cr) (6,3a)
Cr/(Cr+Fe)in alloy
Cr/(Fe+Cr+Mo)in film
f(Cr)= (for Fe15Cr4Mo) (6,3b)
Cr/(Fe+Cr+Mo)in alloy
Cr/(Fe+Cr+Mo)in film
f(Cr)= (for Fe19Cr10Ni) (6,3c)
Cr/(Fe+Cr+Mo)in alloy
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Fig, 6,19 shows the changes of Cr enrichment factor with film 
thickness for Fe17Cr samples polarized at different potentials. It 
also shows the difference in film thicknesses at which f(Cr) is 
close to 1, Thus it is evident that f(Cr) and the film thickness 
are potential dependent. In addition, it is seen that Cr is most 
intensively enriched in the outermost zone. The influence of 
polarization time on chromium enrichment in the passive film is 
clearly indicated in Fig, 6,20, where the time dependence of the 
passive film thickness is observed as well. For the 1 h exposure 
sample, f(Cr) becomes close to 1 at about 2 nm; whereas for the 24 
hours exposure sample, f(Cr) is close to 1 at 8 nm. The influence 
of Mo on Cr enrichment in the passive film is demonstrated in Fig, 
6,21, As is shown, the enrichment of Cr in the passive film is 
intensified by the addition of 4$ Mo in the alloy, although its Cr 
content in bulk alloy is less than that of the Mo-free binary 
alloy. This is consistent with the ICP-MS results which has shown 
that Mo enhanced the selective dissolution of iron and therefore 
caused a more profound enrichment of chromium in the film, but 
differs from the results of Marcus and Olefjord [32], who reported 
that the influence of Mo on the Cr content in the passive film was 
not significant. The addition of the Mo, however, makes little 
difference to the film thickness as the values of f(Cr) for the two 
alloys become close to 1 at about the same thickness, this is also 
in good accord with the ICP-MS results as presented later in Table 
6,5,
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Fig- 6,22 illustrates the correlated changes of f(Cr) and f(Mo) 
with thickness for the Mo-bearing alloy, Fe15Cr4Mo, Evidently, Mo 
is enriched in the passive film and has some sort of interactions 
with Cr [20,21], Fig, 6,23 shows the variations of f(Cr) and 
f(Ni) with thickness for the Ni-bearing steel after 1 h 
polarization at 750 mV, f(Cr) for the binary steel was also 
plotted in the figure for comparison. It is clear that Cr is 
enriched while Ni is depleted, though the Cr enrichment is less 
intensive than that of the binary steel. The depletion of Ni in 
the passive film can be well accounted for by selective dissolution 
of Ni in solution.
The mean values of f(Cr) for samples passivated at constant 
potentials for the given time are summarised in Table 6,4,
Table 6,4 Mean values of chromium enrichment factor
Sample Exposure time (h) Potential (mV)
750 920
Fe17Cr 1 1,7963 1,9114
24 2,2251
Fe15Cr4Mo 1 2,1710
These values are obtained by integrating the f(Cr)- thickness 
curves to the thickness determined from ICP-MS results (cf. Table 
6,5), at which f(Cr) is renormalized to 1, As can be seen from the 
table, the values of f(Cr) are somewhere around 2, showing that the 
average Cr contents in the passive films are about twice of those
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in the substrates, depending on the passivating potential and 
exposure time. The data for the Ni-bearing steel was not included 
in the Table due to the uncertainties with the f(Cr)-thickness 
curve.
6.4.5 THICKNESS OF PASSIVE FILM
6.4.5.1 ICP-MS RESULT
The relationship between the film thickness and the quantity of 
charge consumed for film formation can be expressed by:
Q, Mf o« ,
y = I T T *  x T I T  (6'4a)
o n  on
Where .*
y film thickness
charge consumed for film formation
n mean number of electrons required to 
form 1 mole of oxide
M„ mean molar weight of oxide o«
A surface area
F Faraday Constant
r surface roughness factor
D oxide density
o n  J
If the side reactions in the electrolytic cell are negligible, the 
above formula may take the following form:
Where:
X — efficiency of film formation (%)
Q — total charge consumed
The efficiency of film formation for each alloy after 1 h 
passivation at fixed potentials have been previously calculated 
from the ICP-MS results as is listed in Table 6.2, thus the 
thicknesses of the oxide films can be determined from equation 
(6.4b). The results are presented in Table 6.5
Table 6.5 Comparison of the film thickness (1 h exposure), nm
Potential 750 mV (SHE) 920 mV (SHE)
Sample Fel7Cr Fel9CrlONi Fel7Cr Fel5Cr4Mo
y (by KPS) 2.0 --- 3.50 3.50
y (by ICP-MS) 1.86 0.82 3.52 3.32
Ref 113,15,323 2.4 0.75 4.0 ---
It is assumed in the calculation that the oxide density 117,20,1693
3
D =5g/cm , the surface roughness factor r=1.3 C1193, the number
o k
of electrons required to produce one mole of oxide n =6, the mean0 ^
molar weight of oxide M =151.67 for Fel7Cr and M =152.6 for
o k  on
Fel5Cr4Mo, respectively. The above values are based on the
following considerations(take Fel7Cr for example):
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CHANGES IN:
oxide composition M
OH
n
o h
Fe 0 2 a : Cr 0 2 a
1 : 1 156.0 6.0
1 : 2 151.67 6.0
2 : 1
Average value of
157.34
14
°* = 25.8
OH
6.0
FeOOH : CrOOH
1 : 1 87.0 3.0
1 : 2 86.3 3.0
2 : 1 87.7 3.0
Average value of
oh
o«
= 28.9
It is worth noticing that despite the changes in the assumption of 
the oxide structure and composition, the values of the factor
M /n in equation (6.4b) only vary slightly. This indicates that 
o h  oh
the oxide structure and composition assumed above in calculating the 
film thickness will have very little effect on the accuracy of the 
results. The major errors might originate from the efficiency of 
film formation, which is further subject to the extent of the side 
reactions in the cell and the sensitivity of solution analysis 
technique employed in this study. The former would at least include 
the local cathodic reactions on the anode, and the partial 
deposition of metals on the cathode (platinum counter electrode in 
this study). By chemically dissolving the metals deposited on the Pt 
counter electrode in nitric acid, it was found that the amount
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deposited could be neglected, compared to the total amount of 
metals present in the solution.
In comparison with Fe-Cr alloy, the addition of 4$ Ho did not make 
much difference to the passive film thickness, while the addition 
of 9,6$ Ni reduced the thickness significantly. For the binary 
alloy itself, the film thickness is evidently potential dependent 
as shown independently by the results from the ICP-MS and from the 
XPS, The values calculated from ICP-MS results are generally in 
very good agreement with the results of XPS depth profiles as well 
as the literature values by ellipsometry and other methods 
[13,15,21,32,170],
6,4,5,2 XPS RESULT
The film thicknesses estimated from the depth profilings are also 
included in Table 6,5, The thickness is considered to be the 
critical point on the depth scale at which the enrichment factor of 
chromium and/or molybdenum reaches a stable value characteristic of 
the bulk material (Fig,6,19-23), Since the depth scale is 
calibrated against the NPL tantalum oxide, the good agreement 
between the thickness calculated from ICP-MS results and estimated 
from depth profiles probably indicate that the etching conditions 
adopted in this study corresponds to the actual etching rate of the 
passivating films formed on stainless steels, i,e, 1,77 nm/min.
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6,4,6 DISCUSSION
Passivating films on stainless steels have been characterised by 
XPS depth profiles. The enrichment of Cr and/or Mo predicted from 
solution analysis is in good accord with that observed in the XPS 
depth profile. This enrichment is caused by the preferential 
dissolution of iron into solution, leaving Cr and/or Mo behind on 
the alloy surface. It was reported [21,171] that Cr was also 
enriched in the metallic phase underneath the oxide film, which was 
quantitatively determined by Leygraf and co-workers. However, 
Asami and Hashimoto [11] claimed that the compositions of the alloy 
immediately underneath the passive film were exactly the same as 
the bulk alloy. The conclusions that can be made from the present 
work are that Cr is intensively enriched in the outermost zone of 
the passive film and it is, at least not depleted in the 
oxide-metal interface region. The passivation of Cr steel is 
clearly unlike air oxidation which leaves a depleted layer at the 
interface. The lack of depletion probably accounts for the easy 
repassivation of steel on damage,
A straightforward way of characterizing the composition of passive 
films on stainless steels is established using the enrichment 
factor. It directly shows how many times the concentration of a 
component precipitated into the passivating film differs from the 
bulk alloy. Thus it enables one to evaluate the effectiveness of 
alloying components. As already demonstrated, the most intensive 
enrichment of chromium in the passive film occurred with the
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Mo-bearing steel although its chromium concentration in the bulk 
alloy is the lowest among the binary and ternary steels. The 
influence of passivating potential and exposure time on the 
composition of passive film can be easily seen from the changes in 
the enrichment factor,
6,5 FILM FORMATION AND DISSOLUTION KINETICS
6.5.1 THE Fe-Cr BINARY STEEL
6.5.1.1 ELECTROCHEMICAL MEASUREMENT
To study the film formation kinetics, the binary steel, Fe17Cr was 
passivated at +750 mV for 24 h. During passivation, the variations 
of current density and the charge passed through the electrodes 
were determined and are presented in Table 6,6, During the first 
20 minutes of anodic polarisation, the current density decreases 
rapidly, due to the quick formation of passivating film on the 
surface of the specimen. At longer times the anodic current 
continues to decrease, but becomes stable after 16 h exposure. As 
can be seen, the value of the residual passive current density is 
then only 0,16 uA/cm2, about 10  ^times lower than the peak 
passivation current observed in its polarisation curve (Fig,6,1),
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Table 6,6 Current density and total charge passed
Exposure Time Current Density 
uA/cm2
Charge Passed 
mC/cm2
0 --- 0
1 min 26,0
2 min 18,4 -----
20 min 3,08 8,1983
1 h 1,10 12,2468
4 h 0,47 19,5368
8 h 0,35 25,2158
16 h 0,16 32,3438
20 h 0,15 34,5786
24 h 0,16 36,7674
This indicates that the passive film formed on the alloy surface is 
very stable and protective. There is no breakdown observed 
throughout the investigation period. Mirroring the changes in 
current density, there is a rapid accumulation of the total charge 
passed through the electrodes in the first 20 minutes. But, after 
16 h exposure, the accumulation rate of charge is much lower and 
steady, showing that an equilibrium between the film formation 
current and the dissolution current has been established. Since no 
breakdown of the passive film occurs, this equilibrium holds up to 
24 h exposure and the film thickness is considered to be the 
equilibrium thickness.
6,5,1,2 RESULTS FROM SOLUTION ANALYSIS BY ICP-MS
The results from solution analysis by ICP-MS are shown in Table 6,7
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Table 6,7 Results From Solution Analysis By ICP-MS
Time
h
Ions found in 
solution: ug/cm2
Equivalent charge 
mC/cm2
Cr Fe Qd
0 0,0000 0,0000 0,0000
0,33 0,1321 1,0872 4,4918
1 0,2189 1,8446 7,5930
4 0,3289 2,3389 9,9123
8 0,4933 2,8764 12,6846
16 0,7725 3,6392 16,8744
20 1,2873 5,0143 24,4913 *1
24 1,1825 4,2435 21,2447
N,B *1 This set of data are unreliable. Considering the time 
period from 16 to 20 h, the charge equivalent to 
metals dissolved in solution increased 7,6169 mC/cm2, 
while the total charge increased only 2,2348 mC/cm2 !
The base concentrations of Fe and Cr in solution before anodic 
polarisation were determined using the correction terms in the 
previous 1 h exposure test. The values in the table represent the 
net accumulated ions in solution and from them the equivalent 
charge was calculated according to Faraday's Law, assuming that Fe 
and Cr dissolve into solution as divalent and trivalent ions 
respectively. The accumulation rates of the total charge passed 
through the electrodes and of the charge equivalent to the ions in 
solution are presented in Table 6,8, The accumulation rate of the 
equivalent charge is an indication of the dissolution rate of the 
alloy. As can be seen, after 16 h polarisation, the accumulation 
rates are almost same, suggesting that the total charge accumulated 
is consumed only by the dissolution of the alloy, while the rate of 
film formation is negligible.
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Table 6,8 The Accumulation rates of charges
Accumulation Rate Of
Exposure time Total charge Equivalent charge 
h mC,cm"^,h“ ‘ mC,cm“2,h”^
0,33 24,59 13,47
1 6,08 4,65
4 2,43 0,77
8 1,42 0,69
16 0,89 0,52
20 0,56
24 0,55 0,55
Since the excess charge over the quantity equivalent to ions in 
solution is related to ions precipitated in the passive film, the 
quantity of ions accumulated in the passive film during the 
passivation can be calculated. Fig,6,24 shows the variations of 
the accumulated ions in the passive film with exposure time. The
film formation current 1  ^ancj its components in relation with
exposure time are demonstrated in Fig,6,25, Fig,6,26 shows the 
changes of the dissolution current of the alloy I ancj the 
partial dissolution currents of iron, Ip and of chromium,
IQr with exposure time. It can be seen from Fig,6,27 that the
film formation is accompanied by the simultaneous dissolution
process. Both the dissolution current and the film formation 
current contribute to the actual anodic current I , After 16 h
cl
polarisation, the film formation current is close to zero and the 
actual anodic current I j_s close to the dissolution current
Cl
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I f  -^ ext Is the external current flowing through the electrodes, 
then = Ia - Ic, where Ic is the sum of
cathodic currents, including the partial deposition of Fe and Cr on 
the platinum counter electrode. The quantity of Fe and Cr 
deposited was found to be negligible. If we neglect other side 
reactions in the electrolytic cell, it can be expected that
^ext = -^d + *f * A comparison between the external 
current directly measured by an Amperemeter and the anodic current 
calculated from ICP-MS results is shown in Fig,6,28, The 
calculated current agrees well with the measured external current 
except the first few hours. However this is to be expected since 
the calculated current is always the mean value of the preceding 
time period which indicates a higher value of current,
6,5,1,3 THE FILM GROWTH LAW
As discussed previously, the relationship between the film 
thickness and the charge used for film formation can be expressed 
by Equation (6,4b), At each time period, the corresponding 
thickness of the passivating film can therefore be calculated from 
that Equation, In Fig,6,29, the reciprocal of thickness is plotted 
against log(time) to test the applicability of the inverse log law. 
It can hardly be accepted as linear relation. Fig,6,30 is the plot 
of thickness vs log(time). Unlike the case in Fig,6,29, it gives 
good linearity. This suggests that the direct logarithmic law is 
the only one applicable to the growth of passive film on Fe17Cr in 
0,1M sulphuric acid at constant potential.
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Thus the ambiguity that both the thickness vs log(time) and the 
reciprocal of thickness vs log(time) exhibit linearity [15,119] was 
not observed in this study,
Bulman and Tseung studied the passive film growth on austenitic 
stainless steel in 5N sulphuric acid by an ellipsometric technique 
and also reported that the passive film growth conformed to a 
direct logarithmic law [18,117], They derived an equation from 
coulometric results:
2,303*k1 A(E'-E)
Q=-----------tlog(t+k /a (E'-E) + log(--------- ) ]
(E'-E) k1
Where: Q is the charge passed at time t;
k1, E1 and A are constants;
E is the passivating potential vs SHE,
Their assumption that the charge passed in the first hour is used 
for film formation [18] seems insecure. As demonstrated in 
Fig,6,27, in comparison with the film formation current, the 
dissolution current can not be neglected. And in fact, the 
dissolution current consists of the dissolution of the film and the 
dissolution of the alloy substrate [172], The charge used for film 
formation was only 38,3$ of the total charge passed in the first 
hour. Since the above equation was derived from the coulometric 
results after a few hours exposure, the constants k ^  e » and A 
could be different if a longer exposure time is adopted ( i
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becomes almost stable after 16 h exposure in this study, thus the 
intercept of l°£ip vs Q plot is different from that of the 
first few hours). Another expression form of the direct 
logarithmic law was proposed by Hauffe and Ilschner [109]:
x = C + Dlogt (6,5)
Where C and D are constants. For a clean surface, the initial film 
thickness should be zero when t=0, while this equation does not 
hold at zero time, A more reasonable expression is the one 
developed by Evans [16], it takes the following form:
y = klog(1+at) (6,6)
Where a, k are constants and a has the dimension of [Tirne]” ,^ 
k and a can be determined experimentally by plotting the thickness 
vs log(time). In this study, k=3,90 nm and a=2,33 [hour]“ .^
Thus the general equation for the passive film growth on Fe17Cr in 
0,1M sulphuric acid at constant passivating potential of +750mV is:
y = 3,901og(1+2,33t) (6,6a)
The thicknesses at different times can be calculated theoretically,
and curve 'a' in Fig,6,31 was plotted according to the above
equation. The data determined from ICP-MS results fit the curve
surprisingly well up to 16 h exposure.
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The difference that develops thereafter can be explained by the 
fact that the passive film reached its equilibrium thickness after 
16 h polarization while equation (6,6a) always predicts an increase 
in film thickness as exposure time increases. This shows the 
weakness of the direct logarithmic law and suggests that a 
different mechanism may operate, probably leading to an inverse 
logarithmic law,
6,5,1,4 THE INFLUENCE OF PASSIVATING POTENTIAL ON FILM GROWTH
It has been reported that the film thickness is potential dependent 
[13,15,128], But little has been published in the literature on 
how the passivating potential might influence the growth kinetics 
in the literature. Although there is not sufficient data at 
present to show the influence of potential on film growth kinetics, 
speculations can still be made using the data for one hour exposure 
at +920mV, There are two constants in equation (6,6), if a is 
potential dependent and k is independent of potential, one can fit 
to the single point giving:
y=3,901og(1+7,O^t) (6,6b)
However, if k is related to potential while a is independent of 
potential, the following will pass through the point:
y=6,74log(1+2,33t) (6,6c)
It can be seen from equation (6,6b) and (6,6c) that the extent of 
potential influence is dependent of the factors k and a. An 
increase in 'k1 has a substantially greater influence than has fa'
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on the film growth at long times, growth. Curves b and c in 
Fig,6,31 were plotted according to equation (6,6b) and (6,6c), If 
both k and a are potential dependent, the actual curve representing 
the film growth on Fe17Cr in 0,1M sulphuric acid at +920mV would 
lie in between curve b and c, the values for k and a may be
expected as follows:
3,90<k<6,74 (nm); 2,33<a<7,04 (h”1),
6.5.1.5 RESULTS FROM DEPTH PROFILES BY XPS
/
It has been generally accepted that thicknesses of passive films
are less than 10 nm [18], and typically in between 1 and 6 nm
[13,14], depending on the passivating potential and exposure time 
etc. In the present study of Fe17Cr passivated in sulphuric acid 
at 750mV, the equilibrium thickness of the passive film after 16 h 
exposure is about 6 nm. This value for the actual thickness of 
passive film is quite reasonable and has been confirmed by XPS 
depth profiles as shown in Fig,6,20,
6.5.1.6 DISCUSSION
There are only a limited number of papers in the literature [17,18] 
concerning the growth kinetics of passive films on stainless steels 
in acidic solution. The most commonly found topic was the case of 
Fe passivated in neutral solution [113,169,173,174], Models of 
direct log law and inverse log law were developed to interpret the
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growth kinetics, Uhlig [175] proposed that the initial oxidation 
behaviour of metals is usually observed to follow the logarithmic 
equation:
y=klog(1+t/k1) (6,7)
for up to 10-1000 nm thickness. And this equation is obeyed by 
most thin film data for metals in general. Equation (6,7) is 
identical to equation (6,6) in its form, suggesting the same 
underlying mechanisms of film growth, Goswami and Staehle [15] 
made an investigation of the growth kinetics of passive films on a 
series of Fe base alloys in pH 8,4 borate buffer solution using 
ellipsometric and coulometric techniques. It was reported that the 
inverse log law might be more applicable to the film growth 
although both the thickness vs log(time) and the reciprocal of 
thickness vs log(time) exhibited good linear relationship. This 
phenomenon was also noticed by Kruger and Calvert [119], their 
ellipsometric results seemed to favour the inverse log law as well. 
The present study of the passivation of alloy steel by ICP-MS and 
XPS provided new evidence to support the direct logarithmic law,
6,5,2 THE Fe-Cr-Ni TERNARY STEEL
It has been shown that the growth of passive film on Fe17Cr alloy 
conformed to the direct logarithmic equation and there exists an 
equilibrium thickness after 16 h passivation. This section will 
deal with the dissolution and film formation kinetics of the
180
Ni-bearing ternary steel passivated at +750 mV for 69 h,
6,5,2,1 ELECTROCHEMICAL MEASUREMENT
The current decay curve in Fig,6,32a shows a steady decrease in the 
passive current density over the first hour polarisation. The 
stationary state is reached after 8 h polarisation (Fig,6,32b),
O
when the residual current density dropped to 0,091 uA/cm'S 
about one 100th of the initial value in Fig,6,32a, This extremely 
low current density remains unchanged for as long as 24 hours, 
indicating that an equilibrium has been established between the 
dissolution and film formation kinetics. The passive film formed 
on the steel surface is stable and protective. However an abrupt 
increase in the current density was observed after 48 h exposure 
which appeared to be due to the local breakdown of passive film. 
The current density oscillated for a few hours and then dropped to 
the stationary value once again after 60 h exposure. This decrease 
in current density was presumably associated with the repassivation 
of the breakdown site on the surface. But since all the 
observations were made on the basis of solution analyses and charge 
transfer, it is not possible to speculate on the nature of the film 
breakdown which had occurred.
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Assuming that Cr dissolves into solution as trivalent ions, while 
Fe and Ni dissolve as divalent ions, the charge equivalent to ions 
dissolved in solution, Qdj calculated from ICP-MS results 
and presented in Table 6,9 in comparison with the total charge
Qt, The charge used for film formation, Q^, is given as 
the difference of these two values. The residual current density 
is also included in the table. The accumulation rates of the total 
charge and the charge equivalent to ions dissolved in solution is 
tabulated in Table 6,10, As can be seen, in the first 4 h 
polarisation, the accumulation rate of the total charge is 
substantially greater than that of the equivalent charge. The 
difference accounts for the film formation. After 8 h exposure, 
the accumulation rate of the equivalent charge becomes almost same 
as that of the total charge and remains so up to 32 h exposure. 
Since the accumulation rate of the equivalent charge is a measure 
of the dissolution rate of the steel, the same accumulation rates 
would therefore suggest that the total charge accumulated is 
consumed only by the dissolution process, the film formation 
process is at a standstill. Based on the comparison of the rates 
of the total and the equivalent charge, it is believed that the 
passive film reached its equilibrium thickness after 8 h exposure. 
This is consistent with the current decay curve in Fig,6,32b where 
it is shown that the stationary state is reached after 8 h 
exposure, only half of that needed for Fe17Cr steel.
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Table 6,9 Charges (mC,cm“2 ) and current density (uA,cm“2 )
Time, h Current density Q^.
Qd Qf
0,1 2,000
0,5 0,545
1 0,409 3,8439 1,5803 2,2636
4 0,136 6,3279 3,4604 2,8675
8 0,091 8,4771 5,5118 2,9653
16 0,091 11,098 8,6862 2,4118
32 0,091 16,3395 14,3271 2,0124
48 0,682 25,1127 20,7709 4,3418
56 0,409 45,1005 26,2003 18,900
69 0,091 51,3475 32,7376 18,610
Table 6,10 The Accumulation Rates Of Charges
Exposure time Total charge Equivalent charge
h mC,cm”2,h” ' mC,cm”2,h‘■1
0
1 3,8439 1,5803
4 0,9900 0,6267
8 0,5373 0,5129
16 0,3276 0,3968
32 0,3276 0,3526
48 0,5483 0,4027
56 2,4985 0,6787
69 0,4847 0,5029
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/The fluctuations in the accumulation rates of the total and 
equivalent charge after 32 h exposure is a reflection of the film 
breakdown and repassivation processes on the steel surface. The 
large difference appearing at 56 hours suggests that much of the 
material dissolved during film breakdown deposits as a solid 
precipitate on the sample surface and does not appear in solution.
The partial dissolution behaviour of alloying components changes 
with time, as indicated by the selectivity factor S, The 
differential value of S vs exposure time is plotted in Fig,6,33a, 
Since Fe is the main component of the steel, small changes in S(Fe) 
correspond to very large changes in S(Ni) and S(Cr), During the 69
h exposure, S(Fe) is generally greater than 1 and steadily
increases with exposure time. While S(Ni) changes from greater 
than 1 to values less than 1, In contrast to S(Fe), S(Cr) is
generally less than 1 and steadily decreases with time. The 
variations of the mean values of S in Fig,6,33b show that in the
first 20 h, nickel is selectively dissolved and gives rise to a 
relative Cr depletion in solution. The selective dissolution of Fe 
is not so significant as that of Ni, With increasing exposure 
time, the selective dissolution of Fe becomes more pronounced and 
eventually both Cr and Ni show a relative depletion in the 
solution.
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6,5*2,2 RESULTS FROM XPS ANALYSIS
The depth distribution of Cr and Ni in the film and film/substrate 
interface after 69 h exposure is illustrated in Fig,6,34, The 
equilibrium thickness calculated according to equation (6,3a) is 
1,18 nm, about one sixth of that for the Fe17Cr binary steel. It 
can be seen from Fig,6,34 that Cr is enriched in the passive film 
while Ni is enriched in the metallic phase underneath the passive 
film. The enrichment of Ni underneath the passive film is however 
not observed for the sample after 1 h polarisation (Fig,6,23), in 
accord with the fact that throughout this period nickel is 
selectively dissolved. This change in the behaviour of nickel 
shows that exposure time can affect the dissolution behaviour of 
the alloy as well as the surface and film/substrate interface 
compositions. The detailed spectra for Cr, Fe and Ni as seen from 
the passivated surface before and after two stages of etching are 
shown in Fig,6,35a, b, c. From these one concludes that iron and 
chromium, each, are initially in the trivalent state. Etching for 
90 seconds was sufficient to remove these ions and expose iron and 
chromium in the metallic form, with a clearly seen peak shift. 
Nickel, on the other hand, increases in intensity throughout the 
etching period and is, in each case, in the metallic form. Thus 
any Ni++ ions in the passive film were below the detection 
limit of the spectrometer, < 1$,
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6,5,2,3 DISCUSSION
The dissolution and film formation kinetics for Ni-bearing ternary 
steel are much more complex than those for the binary alloys or 
pure metals. Selective dissolution of nickel from ternary steels 
[80,13] and the enrichment of nickel in the metallic phase 
underneath the passive film [166,171,176-178] were frequently 
reported in the literature, Jin and Atrens [176] observed that the 
enrichment of Ni in the metallic phase increased with exposure time 
and corresponded to a slight depletion of Cr, In the present 
study, no significant enrichment or depletion of Ni in the metallic 
phase underneath the passive film was observed for the sample after 
1 h polarisation. For the sample after 69 h polarisation, however, 
XPS depth profiling showed a marked enrichment of Ni and a slight 
depletion of Cr in the metallic phase. Solution analysis by ICP-MS 
revealed that the dissolution behaviour of the steel changed from 
the initial selective dissolution of Ni to final selective 
dissolution of Fe, The conventional interpretation of Ni 
enrichment in the metal phase [171,176,178] as a result of 
selective dissolution of Fe needs to be re-examined since the 
dissolution of a steel in the presence of an oxide film is in fact 
a dissolution process of oxide film. Since the passive film formed 
on Ni-bearing steel in aqueous solution is depleted in Ni, the 
selective passage of Fe ions into solution during dissolution of 
the oxide film which is already depleted in Ni can, therefore, only 
lead to the enrichment of Cr ions in the oxide film. The fact that
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Ni is eventually enriched in the metallic phase instead of in the 
oxide film would probably indicate selective ionization of metal 
atoms at the metal/oxide interface. Based on the experimental 
findings, a model is therefore proposed to interpret the 
dissolution and film formation kinetics.
Stage I, Selective dissolution of Ni
In the early stage of passivation, selective dissolution of Ni 
occurs for the following reasons: firstly, the large residual
passive current density of pure nickel (ip ^  > ip pe >
■^ PjCr > ip,Mo^> and> secondly, the low stability of nickel 
oxide (NiO<Fe2o3<cr203) [17,117,167,168,179], For
example, it was reported that the residual passive current density 
of the Fe-Ni-B alloy in 1M increases with the nickel
content and the oxide layer consists mainly of Fe oxide not Ni 
oxide [179], A third factor that has impact on the dissolution of 
behaviour of the alloy is sulphur adsorption on the surface
[180,181] which can accelerate the dissolution of nickel.
Each of these points has relevance to the situations for active 
dissolution and thus relates to the early period in which the 
passive film can be considered incomplete. It has been shown
earlier that the logarithmic increase in the equivalent film
thickness is in accord with the general blocking of pore channels 
through the film. Since [Ni] in the metal interface is almost
195
constant, the value of i(Ni) should be proportional to the area of 
metal exposed-. Thus the amount of nickel dissolved in solution w, 
should follow the same logarithmic relation, i,e, w=klog(1+at), 
Fig,6,36 shows the good linearity of w with log(1+at), A change in 
the slope is observed at 32 h, this is where the breakdown of the 
passive film occurred. It can be experimentally determined that 
a=1,2827 h~1, k=0,2229 ug/cm2, The experimental data from
ICP-MS fit curve w=0,22291og(1+1,2827t) very closely up to 32 h 
exposure (Fig,6,37),
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Stage II, Selective enrichment of nickel This stage is that which 
eventually becomes dominant and corresponds to the period in which 
the passive film is complete and no longer increasing in thickness. 
The data in Fig,6,34 sets out the concentration profiles of nickel 
and chromium. To account for the relative concentration changes of 
Ni and Cr shown in this figure, the flux of metal crossing the 
metal/oxide interface in the direction of solution is such that : 
Jm/o,Cr > Jm/o,Fe > Jm/o,Ni 
However, at the solution/oxide interface, the iron and chromium 
fluxes are reversed as indicated by the partial dissolution 
currents. Thus,
Js/o,Fe > Js/o,Cr > Js/o,Ni 
The clear implication is that the flux of Cr is reduced in the 
passage across the oxide. Since the net thickness of film remains 
constant then chromium ions must enrich in the film ( see Fig,6,20, 
Fig,6,24 and Fig,6,34), An equilibrium will be reached since as 
[Cr]m/o decreases, Jm/o,Cr will decrease. Similarly, the rate of 
enrichment in the film (Jm/o,Cr - Js/o,Cr) will decrease as 
[Fejfilm decreases,
III, SELECTIVE DISSOLUTION OF Fe The dissolution of nickel has 
already been shown to relate to the open area in the early stage of 
formation of the passive film. Fig,6,38 shows that the partial 
current for chromium follows that of nickel quite closely over the 
period of exposure, suggesting that this, too, dissolves actively 
from any open porosity.
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It is possible to see this because, for different reasons, neither 
nickel nor chromium dissolves from the oxide covered surface* The 
total flux of iron is substantial and almost entirely accounts for 
the residual passivation current. In the early stages, however, 
the partial current for iron also falls rapidly, in parallel with 
i(Ni) and i(Cr), It therefore seems reasonable to assume that the 
dissolution from exposed metal through any open porosity is 
simultaneous at longer times, the residual selective dissolution 
from the oxide may be more important. Selective dissolution of 
iron has been frequently reported but its underlying cause has 
rarely been discussed in the literature. In Fig,6,38, it is also 
shown that the observed partial current of iron can be obtained as 
the sum of two components corresponding to dissolution from active 
metal (solid line) and separately from the oxide (dotted line). It 
is the dissolution from the iron oxide that makes the dissolution 
of iron selective.
201
6.6 CORRELATION OF THE STATIC SURFACE INFORMATION WITH THE 
DYNAMIC DISSOLUTION BEHAVIOR
6.6.1. DEFINITION OF TERMS AND MEANINGS OF SYMBOLS
A surface area of sample
r surface roughness factor
Q total charge passed during passivation process
Qf charge consumed by film formation
X. efficiency for film formation
y thickness of passive film
Da density of alloy
D
OH
density of oxide film
Ma mean molar weight of alloy
M , si mean molar weight of metals dissolved in solution
Mon mean molar weight of oxide film
i total oxidation current density of an alloy
ion total film formation current density
!d total dissolution current density
x = i0« + id (6.8a)
ij total oxidation current density of component M^
i. film formation current density of component M.
J j o &  j
ij ^ dissolution current density of component M
n number of electrons released to oxidize 1 mole of alloya
n number of electrons released to form 1 mole of oxide
OH
n , number of electrons released to form 1 mole ofsi
metal ions in solution
n. number of electrons released to oxidize 1 mole of
J component M .
2 0 2
A. atomic fraction of component M. in bulk alloy
J j 3  J
A. atomic fraction of component M. in oxide film
*  J
A. , atomic fraction of component M. in solution 
j,sl r j
S. selectivity factor of component M. in solution,
( 6 . 8 c )
f. enrichment factor of component II in surface film
A.
f  - J,o«f. = (6.8c)
J
6.6.2 CORRELATION OF THE SELECTIVITY AND ENRICHMENT FACTORS
Since passivation is a process of interfacial reaction, it results 
in the changes in the solution phase as well as in the solid film
should follow the continuity equation, i.e. the total oxidation 
current should be equal to the sum of the film formation current and 
dissolution current, i.e.
In a previous section, it was shown that the dissolution of iron 
from the oxide film can be separated from the total dissolution 
current of iron by taking into account of the dissolution of active 
metal through open porosity. In this case the dissolution current 
itself consists of two terms. The arguments that follows do not 
depend on the separation of dissolution processes but treat only the 
total dissolution, determined by solution analysis, and the total 
oxide, determined by surface analysis.
phase. For any component M. in an alloy, the ionization process
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n .
Since i. = --- —  x A. x i (6.9b)j,o n n j,o« onon  
n
-—  x A. . x i . (6.9c)
j, d ^ • _i j»s 1 d
J , O  1
substitution of Equations (6.9b) and (6.9c) into Equation (6.9a) 
results in:
n . n.
i. = — —  x i x A. + ----—  x i . x A. , (6.9d)o n on  j , o n  n. , d j.slJ o n j,sl ’
From Equations (6.8b) and (6.8c), one gets:
A. = f. x A. and
j,o« j j,a
A. . = S. x A. 
j,sl j j,a
Hence, Equation (6.9d) can be replaced by the following:
n. n.
i. = —  --- x f. x A. x i +--— ---- x S. x A. x i. (6.9e)
J nj,o* J J’a °* nj,sl J J’a d
While ioJ< = £i,
id = (l-^)i,
thus Equation (6.9e) can be written as :
r  n.  n. -J
= A. J ,  n y . +  (1-a)S. , i.e.J J,d L n0M J n.iSl j J
i. r n • n • i
~ r ~  = A. I— r— *f. + — -— (l-x)S. (6.10)
1 J’a L no« J nsl
If the concentration of component kL at the metal/oxide interface is 
the same as in the bulk alloy and simultaneous ionization of alloy
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occurs at the metal/oxide interface, the following relation should 
be expected:
n •
i . = ----—  x A. x i
j n j , aa
Substituting i^  into Equation (6.10) yields: 
n n
„a Xf. + na. . (i-x>s. = 1 (6.11)
no« J nsl J
This is the Equation that correlates the static surface information
with the dynamic dissolution behavior of any component M in a
multi-component alloy system.In this Equation, the composition of a
surface film is characterized by the enrichment factor, f The
concentration of a particular component at a specific time in the
surface film is given by the products of its enrichment factor, f ,
at that time and its concentration in the bulk alloy. The chemical
state information is reflected by the oxidation number, n , itsJ ’ o«
value is not only dependent of the composition of the surface film 
but also related to the oxide film structure. Let Z. be the valence
j
of the metal ions precipitated in the oxide film for component M , 
the mean number of electrons released to form 1 mole of oxide film 
containing different components is therefore given by:
M .
= y < z- A- ™  > (6.11a)Ott .Zu J j,o«
J = F ©
The alloy dissolution behavior is characterized by the selectivity 
factor, S and the efficiency for film formation, X- The
concentration of component M in solution at any time is given by
the products of its selectivity factor at that time and its bulk
concentration in the alloy. Similarly, the number of electrons
released to form 1 mole of metal ions in solution is:
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M t
n = y  ( Z. A. . ) (6 .11b) .
El j#Fe 3 J'sl
If one assumes that oxygen distribution in the surface film is
uniform and the density of oxide film remains constant, the
thickness of film can then be expressed by:
^ M
y = ____*2___  x ---- ° 2 _  (6 12)
y rAD F n lo.izj
on  on
Since the amount of metal ions dissolved in solution is:
W = S } ~ X \ 9.—  x  E l—  (6.13),
si F n , ’si
substitution of Equations (6.12) and (6.13) into Equation (6.11) 
yields:
rAD W , .o n si „ Q
-yf +    S. =   tt," ■ (6.14).
M j M , j n Fon si a
The first term on the left side of Equation (6.14) contains
parameters which are characteristic of surface information, such as
the thickness of surface film, y, and the surface enrichment factor,
f . The second term represents the information from solution. For a
given system with a certain quantity of charge passed, however, the
term on the right side of Equation (6.14) is only related to the
alloy itself as the oxidation number of the alloy, n , is dependent
a
on the alloy composition.
6.6.3 APPLICATION OF THE MODEL
It has been shown that the correlation of the static surface 
information with the dynamic dissolution behavior of an alloy can be
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quantitatively described by Equation (6.11) or (6.14). It will be 
demonstrated in what follows that the surface composition of any 
component at a given time can be calculated from the results of 
solution analysis according to Equation (6.11) or (6.14).
Take the binary alloy of Fel7Cr for example, the number of electrons
released to oxidize 1 mole of the alloy, n can b calculated froma
the bulk compositions of the alloy (at%). Assuming Fe and Cr oxidize
2+ 3+
to Fe and Cr states respectively, we have:
n = 3 x A + 2 x A = 2.1778 
a cr,a Fe,a
n , = 3 x A , + 2 x A
Sl Cr,sl Fe,sl
For a given alloy, n is independent of passivating potential. Since3
the selectivity factor of Cr is potential dependent the calculated 
ngj is also potential dependent:
n , = 3 x A x S  + 2 x -A x Ssl cr,a Cr Fe,a Fe
■{
2.1037 polarized at +750 mV (SHE) for 1 h
2.0930 polarized at +920 mV (SHE) for 1 h
Similarly, the number of electrons released to form 1 mole of oxide, 
nQ ,^ is related to the composition of oxide film:
n = 3 x A + 2 x A
O H  Cr,Ott Fe,0«
= 3 x A x f  + 2 x ( 1 - A x f  )
cr,a Cr cr,a Cr
= 2 + f X A
Cr Cr,a
From Equation (6.11), one has:
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n 1
- ( l - X ) S  (6.15)nsl Cr J
This Equation, as a special case of the general form in Equation
(6.11) is only valid for the Fe-Cr binary alloy. It can be used to 
calculate the surface composition of Cr from the results of solution 
analysis. Since the value of %, ngj and are potential and time
dependent, the calculated values of f ^  should, therefore, reflect
such dependency. A comparison between the calculated values of f
from Equation (6.15) and those determined by XPS depth profiles for 
Fe7Cr alloy passivated at two potentials are listed in Table 6.11.
Table 6.11 Mean values of f determined by XPS depth profile 
and calculated from solution analysis for Fe7Cr 
after 1 h passivation in 0.1 M H SO
Cr
2 + f A
Cr Cr,a
*n.
1 -
f potential, mV (SHE)
+750 +920
by XPS depth profile 1.7963 1.911A
calculated from Eq.(6.15) 1.6422 1.8090
It is noted that the two sets of values determined independently 
agree reasonably well. In the calculation, mean values for the 
parameters, %•> n£| an^ sCr from solution analysis were used, while
in XPS depth profiles, the mean values of f were obtained by
integrating the f —  y curves.
The difference between the XPS value and the calculated value can 
be accounted for by an oxygen up-take factor, k. In equation
(6.8c), the atomic fraction of the component M^  in oxide film is
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renormalized to the metal ions only, while in equation (6.9b), the 
atomic fraction of component M in oxide film, A , is not
j Cr,o«
normalized to metal ions but to all species in the oxide. Let a 'j,ott
be the atomic fraction of M. renormalized to metal ions only, we
j
have:
A . = ( 1 - A,= ) x A'. = k A',j,on 0 ,o« j,o« j,ox
where A = is the atomic fraction of oxygen in the oxide film. 0 ,o*
Thus Equation (6.15) can be modified as:
f
Cr
  f l  — (1-*)S 1 (6.16).L n*1 Cr J2 + f A k^n . .. .cr cr,a ^ a L sl
Since solution analytical technique with such a high sensitivity as 
ICP-Ms is not so readily accessible as the surface analytical one, 
the characterization of the dissolution behavior of alloying element 
is now possible by surface analysis of passive film using equation
(6.11) and (6.12) where f and y can be determined from surface
Cr
analysis, and x  can be calculated according to equation (6 .12).
A better approach might be made by the combination of ellipsometry 
and surface analysis. The former is applicable to in-situ 
measurement of the passive film thickness while the latter will 
provide surface information such as the enrichent factor of aloying 
components.
6.6.4 DISCUSSION
Passivation is an interfacial reaction, a complete characterization 
of the electrochemical process can only be achieved by a combination 
of surface and solution analysis techniques such as XPS and ICP-MS.
It has been demonstrated that solution analysis by ICP-MS not only
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reveals the dissolution behavior of individual alloying components, 
but also provides compositional and depth information of passive 
films. Equations (6.11) and (6.12) are the two expressions which 
link the static surface information and the dynamic dissolution 
behavior in the course of passivation. The time dependency of the 
film composition and thickness can be obtained by monitoring the 
composition changes in solution and the quantity of charge passed 
through the electrodes. On the other hand, surface analysis, when 
combined with ellipsometry can give an indication of the dynamic 
dissolution behavior of alloying components.
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7 CONCLUDING DISCUSSION
Some of the significant features of the foregoing results have 
already been discussed under respective headings. Yet, they can now 
be considered more completely in view of the evidence as a whole.
The alloying effect of Mo lies in the active potential region. It 
lowers the peak passivation current density by over two orders of 
magnitude, in agreement with the observations by others [58]. The 
use of the revolutionary new method of ICP-MS in solution analysis, 
however, enabled one to elucidate more specifically the role of Mo. 
It is suggested that the presence of Mo in the binary alloy 
enhances the selective dissolution of iron during passivation and 
gives rise to the rapid accumulation of Cr in the film, and thus 
improves the efficiency for film formation, i.e. the percentage of 
the total charge used to form an oxide film. Both the KPS depth 
profiles and ICP-MS analysis give conclusive evidence for the 
enrichment of Mo in the film. The sort of interaction between Cr 
and Mo in the passive film is indicated by their correlated changes 
of composition in the film.
Nickel has a more pronounced effect than molybdenum in that it not 
only reduces the peak passivation current density but also notably 
increases the corrosion potential as compared with the binary 
alloy. Unlike molybdenum, which has little influence on the film 
thickness, the addition of Ni in the alloy markedly reduce the film 
thickness. This interesting feature [15] is unfortunately not 
clearly understood. Using XPS and AES, Mathieu, Datta and Landolt 
[159] determined the thickness of the natural air-formed oxide 
films on Al, Si, Fe, Ni and Ta (Table 7.1 ). Their results also
indicated that the thickness of oxide film on pure Ni is 
significantly thinner than that of oxide film on other metals (not 
Si).
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Table 7.1 Thickness of the natural oxide films, nm [159]
oxide KPS AES 
(50%0 ampl.)
AES
(X correction)
A1 0 1.7±0.1 1.810.2 1.8±0.2
2 3
SiO
2
0.2±0.1 0. 2±0.1 0.410.2
Fe 0 3.4±0.7 2.7±0.4 4.710.6
2 3
NiO 0.8±0.1 0.3±0.1 0.410.2
Ta 0 1.9±0.1 0.7±0.1 1.310.2
2 5
Selective dissolution of iron frequently occurs with Fe base alloys 
[20-22] and the evaluation of the process was made by the
selectivity coefficient which considers the ratio of a particular 
element to iron both in the solution and in the bulk alloy. In 
some cases, the selectivity coefficient appears to be inadequate in 
characterizing the dissolution behaviour of Ni-bearing ternary or 
greater alloys since the one suffering selective dissolution is not 
necessarily iron. The introduction of the selectivity factor not 
only overcomes the shortcomings in the interpretation of the
selective coefficient but also enables the correlation to be made 
of the static surface information with the dynamic dissolution 
behaviour. The surface enrichment of'Gr and/or Mo, as characterized
by the surface enrichment factor, has been well related to the
partial dissolution behaviour of individual components. Since both 
the selectivity factor and the surface enrichment factor considers 
the ratio of the relative concentration of a component in either 
solution or film to the bulk concentration in an alloy, the 
characteristics of passive films and of the dissolution of alloys 
are comparable among those with variable bulk compositions. 
Therefore the alloying effect of a particular element can be well 
evaluated by the two factors.
The formation of a passive film is unlikely to be a layer-by-layer 
process in which the materials are evenly distributed. Thus the 
term "thickness” used in the literature [15,18, 113, 117-119] is,
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in fact, the thickness equivalent either to the quantity of charge 
or to the weight-gain during a reaction. The thickness calculated 
from ICP-MS results in the present study is equivalent to the 
quantity of charge.
The growth of passive film follows the direct logarithmic law, 
which means the underlying mechanism is associated with some kind 
of block. The form of y=klog(l+at) was often found in the 
literature [15,16,109,117,175,182,183], but the physical meanings 
of constant 'kV and 'a' has rarely been tackled. The complexity of 
the present experimental evidence needs considerable caution in the 
interpretation of the log equation. Mathematically, the equation 
y=klog(l+at) was derived in a number of ways, k and a were 
integration constants, but the fact that is a characteristic
time and k is a characteristic thickness (nm) would probably imply 
some physical meanings. The suggestions that now follow are only 
speculative.
It is recalled in a previous Chapter that the dissolution of nickel 
is from exposed metal through the open paths in the oxide film for 
nickel is not present in the oxide film. The dissolution behaviour 
changes from the initial selective dissolution of nickel to the 
final selective dissolution of iron. This observation creates a 
picture in which the open paths in the film get blocked with 
exposure time. Let £ be the active area (i.e. uncovered by oxide 
film) and W the weight of oxide film at time t. Thus the fractional 
shrinkage of the active area in time dt at time t, — , is 
related to the change in the amount of material distributed on 
surface, dW, by the following:
- = C dW (7.1)<p i
where C is the is a geometric factor determined by the growth
i.
geometry of the oxide nuclei (Fig.7.1).
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Fig.7.1 Schematic illustration of the possible 
growth geometry of the oxide nuclei
Integrating Eq.(7.1) yields:
<fi = exp(-C W) (7.2)o 1
where <p is the exposed area remaining after initial very rapid
o
growth of ’seed1 nuclei: we might consider this to define an
induction period prior to the onset of logarithmic growth.
The rate at which the weight of oxide increases is proportional to 
the exposed area since it is from this active material that the 
ions contributing to oxide growth are derived. Thus:
-mr = = cA4r2Xp(-c1W) <7-3)
where C is the rate constant for deposition from solution, and 
oinFi = i exp(— =r=—-AE), where i is the current density for 0=1, and AE
O K I  o
is the potential relative to the rest potential. o<, RT and nF have 
the usual meanings. It should be pointed out that i, the active 
dissolution current density is the sum of the partial dissolution 
current of each constituent in an alloy, i.e.
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M  .
J
1 = E (i.) (7.4)
j = F e  J
Let C3 represent the parameter * , then the weight of oxide film
at time t can be obtained by integrating Eq.(7.3):
C C cp
W=-g-ln(1+ t) (7.5)
1 1
The equivalent thickness can therefore be expressed by the 
following:
y=klog(l+at) (7.6)
where k = — — 77- and a =rAD C Con  i  i
From the derivation of the logarithmic equation, one can see that
the prefactor *k * is associated with the geometric factor relating
to the distribution of deposited material. It is unlikely to be
potential dependent whilst the factor 'a' is associated with the
active dissolution current density i, which is exponentially
dependent on potential. Let a* and a’’ represent the factor 'a' at
potential 750 mV and 920 mV respectively, assuming that C , C and1. 2
<p are independent of potential, then the influence of potential on
O
the factor *a' can be estimated:
C » t
3 = exp|-gg|— (AE"-AE')j (7.7)
a' C' r RT3
where AE,,=E,,-E and AE’=E’-E . For the Fel7Cr binary alloy, 
corr corr
cxnF
E = -0.328V(SHE) (see Table 6.1), — ^ r—  can be experimentally 
corr Ki
determined from the Tafel slope (Fig.7.2), giving a value of 12.04.
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Fig. 7.2 Determination of the Tafel slope. The cathodic 
and anodic polarisation curves were extracted 
from Fig.6.1.
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Substituting the values of AE' ' , AEf and — — —  into Eq. (7.7), we
K i
a1 '
get: ---—  = expC12.04 x 0.171 = 7.74. The difference between the
a
value calculated from Eq.(7.7) and the one shown in Fig.6.31 (
a ' '■ - ■ = 3.02) probably indicates that other factors in 'a' may 
operate in the inverse direction of C . Since <p , the exposed area
3 o
remaining after very rapid growth of oxide nuclei, is inversely 
proportional to the density of oxide nuclei, it therefore seems 
reasonable to suggest that the density of oxide nuclei is 
proportional to the passivating potential. This can be verified by 
examining the structure of the passive film as the density of oxide 
nuclei increases the oxide film becomes more amorphous.
Based on the work on the passivation of iron in the literature, 
Kirchheim C1183 derived a logarithmic equation which shows
Q=Cln(l+-|-t),
where Q is the charge used for film formation. Irrespective of the 
physical meanings of constants C and A, the numerical values of the 
two factors were studied. Using Sato and Cohen's data [1133, he 
showed that InA is linearly dependent on potential, which is in 
agreement with the exponential potential dependence of Cg in the 
present study, but his statement that C also depends on potential 
and thus matches his model is doubtful. Examining the following 
data he used (Table 7.2), C can hardly be considered to be 
potential dependent and in fact C equals to 0.19 irrespective 
of potential.
Table 7.2 Experimental values for A and C C1183
E(V) 0.,363 0,515 0.,580 0.,661 0 .742 0.,813
A(A/cm2) 1.2 10S 1 ,.2 10* 6.,7 10* 2.,5 107 6 ,.9 107 3.,8 108
C(mC/cm2) 0,. 185 0.87 0,.185 0,.187 0 ,. 189 0.188
Bulman and Tseung's work on austenitic stainless steel C18,1173
217
showed that both k and a are potential dependent but in a way which 
is difficult to understand, as compared with the exponential 
dependence of 'a' on potential supported by Kirchheim and evidenced 
in the present study. Using Hauffe and Ilschner's model E109]
Goswami and Staehle C153 investigated the potential dependence of 
the thickness of oxide film on iron. The potential dependence of 
constant ‘D' in equation X = C + Dlogt was described as "erratic". 
It was from the "erratic behaviour" of D vs Potential that they 
concluded that the direct logarithmic law was not applicable even 
though both the film thickness vs log(time) and the reciprocal of 
thickness vs log(time) exhibited equally good linearity. The 
argument that can be made here is what is the real meaning behind 
the "erratic behaviour of ‘D’ vs potential. Its implication 
probably suggests that 'D' is independent of potential.
The present ‘island growth' model agrees well with the experimental 
findings described in Section 6.5. For the Fel7Cr binary alloy, the 
equivalent thickness of the passive film was found to increase 
linearly with log(l+at). For the Ni-bearing ternary alloy, it was 
shown that the dissolution current of Ni from the exposed metal is 
proportional to the active area and so is the partial dissolution 
of Cr and Fe. When the oxide film formation is incomplete, active 
dissolution of the metal occurs at exposed area, but at times when 
the oxide nuclei come into contact with each other, the oxide grows 
as a continuous film and thereafter, the dissolution from exposed 
substrate metal becomes negligible. In the end, the dissolution
from the oxide film may be more significant. Clearly, neither can
/
the uniform film growth model of Kirchheim C1183 nor the 
place-exchange model of Sato and Cohen C1133 account for the 
extraordinary dissolution behaviour of nickel during the 
passivation treatment of the Ni-bearing steel. The well established 
fact that nickel is not present in the oxide film but selectively 
dissolved in solution (at initial stage) must indicate an active 
dissolution of the metal occurred with the alloy. Further
justification of the island growth model will require special
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experimental techniques such as gold decorating, by which the 
shrinking of active area with time can be obtained.
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8 CONCLUSION
A complete characterisation of the passivation of stainless steels 
has been achieved using ICP-MS and XPS techniques. It has been 
shown that in a corrosion study, analyses of passive films are 
complementary with analyses of the corrosion products in solutions.
The alloying effect of Ni is more pronounced than that of the Mo, 
It can not only suppress the peak passivation current density by 
over 2 orders of magnitude, but also notably increase the corrosion 
potential. Comparing with Fe17Cr steel, the Ni-bearing steel 
reaches the stationary state much more rapidly with a substantially 
thinner equilibrium thickness.
The efficiency for film formation differs from alloy to alloy. The 
Mo-bearing steel is seen to be more easily passivated than the 
Mo-free steels, while the Ni-bearing steel has a higher film 
formation efficiency than the binary one.
Selective dissolution of Fe can always be expected during 
passivation of Fe-Cr and Fe-Cr-Mo steels. The use of selectivity 
factor, however, revealed that the dissolution behaviour of the 
Ni-bearing steel changes with time, from the initial selective 
dissolution of Ni to the final selective dissolution of Fe, It is 
the subsequent dissolution of iron oxide from the oxide film that 
contributes to the selectivity of iron species in solution. The 
enrichment of metallic Ni underneath the passive film can be
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explained in terms of the selective ionization*
ICP-MS results revealed that Mo influence the dissolution behaviour 
of the binary steel in such a way that it enhances the selective 
dissolution of iron during passivation process and thus causes the 
enrichment of chromium in the passive films intensified* Mo itself 
is also enriched in the film and probably has some sort of
interactions with chromium*
The passive films are enriched in Cr for all the samples studied*
The average concentration of chromium in the passive films is
generally about twice of its bulk concentration in the stainless 
steels* The Cr enrichment factor is potential and exposure time 
dependent*
The film thicknesses calculated from ICP-MS results are in good
agreement with the values determined by XPS depth profiles and the 
values by ellipsometry in the literature* The thickness is
potential and exposure time dependent, and is within the range of
1-10 nm*
The growth of passive film on the binary steel at constant
passivating potential conformed to the direct logarithmic law, 
taking the form of y=klog(1+at)* The island growth model proposed 
in the present study suggests that the film formation involves 
three stages: (1), the nucleation of oxide; (2), the lateral
growth of oxide nuclei; (3), the thicknening of continuous oxide
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film. This island growth model agrees well with the present 
experimental findings that could not possibly be explained by the 
existing models in the literature.
The formation of passivating film is accompanied by the dissolution 
process and there exists an equilibrium thickness after which the 
passive film stops thickening. The equilibrium thickness for the 
Ni-bearing steel is about one sixth of that for the binary one and 
the time needed to reach the equilibrium state is only half of that 
needed by the binary steel.
The introduction of the selectivity factor allows the evaluation of 
the partial dissolution behaviour of any component in an alloy. 
While the enrichment factor can be used to characterise the 
composition of passive film in a comparable way among alloys with 
variable bulk concentration. Thus the alloying effect of a 
particular component can be well evaluated by the two factors.
The correlation of the static surface information with the dynamic 
dissolution behaviour has been established in the course of 
passivation.
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9 SUGGESTIONS FOR FURTHER STUDY
It has been discussed in chapter 6 that there exists an equilibrium 
thickness for passive films formed on stainless steels. Further 
study of the passivating films by XPS would reveal whether there is 
an equilibrium composition at the equilibrium thickness. It can be 
expected that either the film composition reaches an equilibrium 
state at the equilibrium thickness or the composition of film keeps 
changing after an equilibrium thickness has been reached,
A systematic study of the influence of polarisation time on the 
enrichment of alloying components in passivating films will throw 
new light onto the understanding of the static surface information 
in a dynamic way.
The direct logarithmic growth of passivating film would suggest 
that the active area of the sample surface shrinks with time, or 
the number of open pores in the film decreases during passivation 
treatment. The underlying mechanism is that initially, the oxide 
nuclei reaches a critical thickness, the time needed can be defined 
as the induction period. The subsequent consumption of charges is 
used to expand the film so as to form a continueous protective 
surface layer. This island growth model can be verified by special 
techniques such as gold decorating in combination with XPS 
analysis. The signal of decorating gold is expected to decrease 
with time as the active area shrinks with passivating time.
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It could also be interesting to see the dissolution behaviour of 
the steels in the active or transpassive potential range, in which 
case the selective dissolution of chromium and the surface 
enrichment of nickel and iron may occur*
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APPENDIX A
304 Stainless steel polarised in 0.1M sulphuric acid solution 
at 750mV (SHE) for 1 hour
ANALYSIS PROLEDURE L 1 STINB : 91U
Nul ti —el ement determi ilat i on
Element. menu used ........QIU
Old Response file used ...
New Response file used ...QIU 
Total number of- samples .. 28
SAMPLE 
I DENT 
BLK 
SSTD1 
STD1
No 0-f 
RUNS
SAMPLE 
TYPE 
Blank 
Sens. Std 
Blank Sub 
Standard
Standard
Di 1
FACTOR 
1. 000 
1.000 
1. 000
Concentrat i on -file 
Element 
Cr 
Fe 
Ni
BLANK 
I DENT
BLK
C0NC1
Cone. (uq/ml ) 
1.0 0 0 0 0 0 0 0 0 0  
1.0 0 0 0 0 0 0 0 0 0  
1.0 0 0 0 0 0 0 0 0 0
Q1 1 Blank Sub Sample 1.000 BLK
Q2 1 Blank Sub Sample 1. 000 BLK
Q3 1 Blank Sub Sample 1. 000 BLK
Q4 1 Blank Sub Samp1e 1. 000 BLK
sstd2 1 Sens. Std 1. 000
Q5 1 Blank Sub Sample 1 . 000 BLK
Q6 1 Blank Sub Sample 1 . 000 BLK
Q7 1 Blank Sub Sample 1 . 000 BLK
Q8 1 Blank Sub Sample 1. 000 BLK
□9 1 Blank Sub Sample 1. 000 BLK
sstd3 1 Sens. Std 1. 000
QIC 1 Blank Sub Sample 1 . 000 BLK
Q11 1 Blank Sutf Sample 1 . 000 BLK
Q 12 1 Blank Sub Sample 1. 000 BLK
Q 13 1 Blank: Sub Sample 1. 000 BLK
sstd4 1 Sens. Std 1. 000
Q 14 1 Blank Sub Sample 1 . 000 BLK
Q 15 1 Blank Sub Sample 1 . 000 BLK
Q16 1 Blank Sub Sample 1. 000 BLK
Q 17 1 Blank Sub Sample 1 . 000 BLK
s s t d 5 1 Sens. Std 1. 000
Q 18 1 B1 ank Sub Sample 1 . 000 BLK
q 19 1 Blank Sub Sample 1 . 000 BLK
Q20 1 Blank Sub Sample 1 . 000 BLK
s s t. d 6 1 Sens. Std 1 . 000
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Peak integrals -for - BLK Run 1
Cr 52 9125 Cr
Nj 60 7986 Ni
53 2410 Fe 56
62 2419
638559 Fe 57 12122 Ni 58 19128
Peak integrals -for - BLK Run
Cr 52 8964 Cr
Ni 60 7981 Ni
53 2473 Fe 56
62 2256
648428 Fe 57 12498 Ni 58 19052
Peak integrals -for - BLK Run 3
Cr 52 
Ni 60
9784 Cr 
8522 Ni
53 2612 Fe 56
62 2566
721296 Fe 57 13203 Ni 58 21263
Peal; integrals -for - SSTD1
Cr >644208 Cr 53 _ 793197 Fe 56 9414592 Fe 57 243470 Ni 58 5096493
Ni 60 2170259 Ni
Peak integrals -for
Cr 52 6400730 Cr 
Ni 60 2128321 Ni
62 327635
- SID1 Run 1
53 768689 Fe 56
62 319442
9419276 Fe 57 243773 Ni 58 5135876
Peak integrals tor - STD1 Run 2
Cr 52 6275818 Cr 
Ni 60 2023735 Ni
53 756369 Fe 56
62 306907
9056489 Fe 57 231808 Ni 58 4831344
Peak integrals -for - STD1 Run 3
Cr 52 6076411 Cr 
Ni 60 2014268 Ni
53 734437 Fe 56
62 307863
Peak integrals for - 01 Run 1
Cr 52 
Ni 60
137284 Cr 
50104 Ni
53 18454 Fe 56
62 8204
8818645 Fe 57
762917 Fe 57
226886 Ni 58 4692633
17320 Ni 58 119056
Peak integrals for - Q1 Run 2
Cr 52 
Ni 60
1294 Cr 
1293 Ni
53 1306 Fe 56
62 1 o>0 2
1338 Fe 57 1370 Ni 58 1424
2 36
Peak integrals -for -* Q2
Cr 52 83696 Cr
Ni 60 26810 Mi
53 11549 Fe 56
62 5142
Peal; integrals for - 03
Cr 52 61597 Cr
Ni 60 16177 Ni
Peak integrals for
Cr 52 241307 Cr
Ni 60 51286 Ni
Peak integrals -for -
Cr 52 4761507 Cr
Ni 60 1538548 Ni
53 8691 Fe 56
62 4892
- Q4
53 31412 Fe 56
62 10466
sstd2
53 559891 Fe 56
62 226242
Peak integrals -for - G5
Cr 52 68402 Cr
Ni 60 15915 Ni
53 9357 Fe 56
62 4389
Peak integrals ■for - Q6
Cr 52 50149 Cr
Ni 60 12826 Ni
53 7608 Fe 56
62 4137
Peak integrals -for - 07
Cr 52 74993 Cr
Ni 60 19724 Ni
53 10990 Fe 56
62 5738
1148894 Fe 57 23049 Ni 58 64260
750283 Fe 57 14569 Ni 58 38539
2383261 Fe 57 55540 Ni 58 124498
6919227 Fe 57 176528 Ni 58 3604415
822128 Fe 57 17305 Ni 58 38160
629823 Fe 57 12992 Ni 58 29403
795650 Fe 57 15915 Ni 58 47230
Peak integrals -for - QB
Cr‘ 52 76076 Cr
Ni 60 22849 Ni
53 11321 Fe 56
62 13953
864271 Fe 57 >2007 Ni 58 45974
Peal; integrals -for - 09
Cr 52 82498 Cr
Ni 60 21531 Ni
53 11300 Fe 56
62 12717
Peak integrals tor - sstd3
Cr 52 5600128 Cr 
Ni 60 1832/46 Ni
53 629851 Fe 56
62 266112
Peak integrals for - 010
Cr 52 93394 Cr
Ni 60 24577 Ni
i3 11434 Fe 56
s2 13803
Peak integrals for - Oil
Cr 52 95860 Cr
Ni 60 25882 Ni
53 12573 Fe 56
62 14700
891292 Fe 57 20396 Ni 58 507 41
7754453 Fe 57 207108 Ni 58 4255 786
845217 Fe 57 23025 Ni 58 567 10
930788 F:e 57 23771 Ni 58 59037
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Peak integrals fur - 0 1 2
Cr 52 94974 Cr
Ni 60 34100 Ni
53 11853 Fe
62 8112
56 944442 Fe 57 23571 Ni 58 83032
Peak integrals -for - Q13
Cr 52 76418 Cr
Ni 60 32419 Ni
53 11996 F®
62 8386
56 1084150 Fe 57 25039 Ni 58 68744
Peak integrals for - sstd4
Cr 52 5525974 Cr 
Ni 60 1776620 Ni
53 670804 Fe
62 282952
56 8311592 Fe 57 198330 Ni 58 436969'
Peak integrals for - PI4
Cr 52 84294 Cr
Ni 60 29239 Ni
53 11698 Fe
62 7623
56 977655 Fe 57 22132 Ni 58 73628
Peak integrals for - Ql!
Cr 52 100130 Cr
Ni 60 38504 Ni
53 13956 Fe
62 9085
56 1019787 Fe 57 24290 Ni 58 86333
Peak integrals for - Q16
Cr 52 84575 Cr
Ni 60 30640 Ni
53 11293 Fe
62 7597
56 967542 Fe 57 ;3449 Ni 58 74987
Peak integrals for - Q17
Cr 52 147804 Cr
Ni 60 53480 Ni
53 20039 Fe
62 17432
56 1486423 Fe 57 34303 Ni 58 127187
Peak intearals for - sstdJ
Cr 52 5364078 Cr 
Ni 60 1779864 Ni
53 626098 Fe
62 267883
56 7845287 Fe 57 198114 Ni 58 4232427
Peak integrals for - 018
Cr 52 167467 Cr
Ni 60 62743 Ni
53 21994 Fe
62 18313
56 1546691 Fe 57 37486 Ni 58 146104
Peak integrals for - ql9
Cr 52 167447 Cr
Ni 60 60447 Ni
53 21591 Fe
62 15054
56 1291547 Fe 57 31922 Ni 58 14J156
Peal.- integrals for - 020
Cr 161040 Cr
Ni 60 58746 Ni
53 20285 Fe
62 15690
56 1476719 Fe 57 37390 Ni 58 139063
238
PLASMAQUAD ANALYSIS REPORT
Sample 
G1
02
Q3
Q4
05
06
:Concentrations are in ppm (ug/ml) 
"xxxx****" means no calibration available
Element Mass Cone (ug/ml> Error <ug/ml) Ratio Checl:
Cr 52 0.030656 0.000109 xxx
53 0.033390 0.000353 ***
Fe 56 0.138284 0.000300 X X X
57 0.161930 0.001773 xxx
Ni 58 0.022447 0.000124 xxx
60 0.023441 0.000193 xxx
62 0.103588 0.000937 ***
Cr 52 0.014329 0.000081 xxx
53 0.015022 0.000267 xxx
Fe 56 0.081823 0.000270 xxx
57 0.066904 0.001444 xxx
Ni 58 0.011719 0.000101 0k
60 0.011651 0.000155 0 k
62 0.012444 0.000480 * xx
Cr 52 0.010642 0.000072
53 0. 011104 0.000243 ***
Fe 56 0. 030937 0.000238 X X X
57 0.025285 0.001258 xxx
Ni 58 0.005869 0.000086 xx*
60 0.005913 0.000132 X X X
62 0.012341 0.000479 X X X
Cr 52 0.047748 0.000132 X X X
53 0.050621 0.000415 X X X
Fe 56 0.276113 0.000360 X X X
57 0.261090 ' 0.002044 X X X
Ni 58 0.028959 0.000135 X X X
60 0.028298 0.000206 X X X
62 0.036790 0.000645 X X X
Cr 52 0.012819 0.000077 X X X
53 0.013366 0.000257 X X X
Fe 56 0.048661 0.000250 X X X
57 0.045903 0.001355 X X X
Ni 58 0.006415 0.000087 X  X  +!
60 0.006368 0.000134 X X X
62 0.011635 0.000473 X X X
Cr 51: 0.008750 0.000068 X X X
53 0.010025 0.000236 X X  X
Fe 56 0.017803 0.000229 0  k
57 0.019006 0.001226 0 k
Ni 58 0.003842 0.000079 X X X
60 0.004165 0.000123 X X X
62 0.010078 0.000460 X X X
Q 52 0.013361 0.000079 X  X X
53 0.015504 0.0002 70 X X X
Fe 56 0.040142 0.000244 X X  X
57 0.033019 0.001296 X X  X
Ni 58 0.008170 0.000092 X X X
60 0.008080 0.000141 X X- X
62 0.016168 0.000510 X X  X
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08
Q9
Q 10
Q 1 1
Q 1
Q. 1
Q 1 4
Cr 52 0.013200 0.000078
53 0.015715 0.000271
Fe 56 0.047924 0.000250
57 0.063499 0.001430
Ni 56 0.007549 0 . OOuOv1
60 0.009593 0.000148
62 0.048533 0.000708
Cr 52 0.014058 0.000080
53 0.015351 0.000269
Fe 56 0.049635 0.000251
57 0.052314 0.001383
Ni 58 0.008428 0.000093
60 0.008498 0.000143
62 0.042360 0.000676
Cr 52 0.015605 0.000083
53 0.014895 0.000266
Fe 56 0.038770 0.000243
57 0.063415 0.001430
Ni 58 0.009367 0.000096
60 0.009859 0.000149
62 0.044257 0.000686
Cr 52 0.016100 0.000084
53 0.016450 0.000275
Fe 56 0.048672 0.000250
57 0.068252 0.001449
Ni 58 0.009840 0.000097
60 0.010671 0.000152
62 0.046954 0.000700
Cr 52 0.015980 0.000084
53 0.015117 0.000268
Fe 56 0.048932 0.000250
57 0.068169 0.001449
Ni 58 0.015328 0.000110
60 0.015376 0.000169
62 0.022248 0.000555
Cr 52 0.012613 0.000077
53 0.015130 0.000268
F e 56 0.065641 0.000261
57 0.076836 0.001483
Ni 58 0.011946 0.000102
60 0.014533 0.000166
62 0.022917 0.000559
Cr 52 0.014198 0.000080
53 0.014649 0.000265
Fe 56 0.051086 0.000252
57 0.062840 0.001427
Ni 58 0.013069 0.000105
60 0.012852 0.000160
62 0.020052 0.000539
**#
***
* * • *
#**
* *  * 
* * *  
***-
***
**-*
*•**
**•*
***
***
**-*
*•**
•***
* * *
* * *
•***
Ok
Ok
***
* * *
**•*
* * *
* * *
* * *
*■**
**•*
* * *
**•*
*-**
**•*
•#**
*•#*
* • * *
***
***
***
***
**•*
***
***
***
***
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□ 15
□ 16
□ 17
□ 18
q 19
□20
Cr 52 0 . 0 1 7 2 3 9 0 . 0 0 0 0 8 7 * * *
53 0 . 0 1 8 3 6 9 0 . 0 0 0 2 8 5 * * *
Fe 56 0 . 0 5 8 0 2 4 0 . 0 0 0 2 5 6 * * *
57 0 . 0 7 4 3 0 2 0 . 0 0 1 4 7 3 * * *
Ni 58 0 . 0 1 6 1 1 8 0 . 0 0 0 111 * * *
60 0 . 0 1 8 1 2 3 0 . 0 0 0 1 7 7 * * *
62 0 . 0 2 5 6 6 6 0 . 0 0 0 5 7 8 * * *
Cr 52 0 . 0 1 4 4 3 0 0 . 0 0 0 0 8 1 Ok
53 0 . 0 1 4 4 8 9 0 . 0 0 0 2 6 4 □ 1::
Fe 56 0 . 0 5 2 5 7 1 0 . 0 0 0 2 5 3 * * *
57 0 . 0 6 9 8 7 0 0 . 0 0 1 4 5 6 *  *  *
m 58 0 . 0 1 3 5 9 5 0 .  0 0 0 1 0 6 * * *
60 0 . 0 1 3 6 3 8 0 . 0 0 0 1 6 3 it * *
62 0 . 0 2 0 5 3 6 0 . 00O 543 * * *
Cr 5 2 0 . 0 2 6 4 3 7 0 . 0 0 0 1 0 3 *  *  *
53 0 . 0 2 8 5 8 2 0 . 0 0 0 3 3 3 * * *
Fe 5 6 0 . 1 2 3 6 5 9 0 . 0 0 0 2 9 3 * * *
57 0 . 1 2 7 4 2 7 0 . 0 0 1 6 6 4 * * *
Ni 58 0 . 0 2 5 9 4 3 0 . 0 0 0 1 3 0 * * *
6 0 0 . 0 2 6 6 3 3 0 . 0 0 0 2 0 2 * * *
62 0 . 0 5 7 4 0 7 0 . 0 0 0 7 5 1 * * *
Cr 52 0 . 0 3 1 6 8 3 0 . 0 0 0 1 1 1 * * *
5 3 0 . 0 3 3 5 3 8 0 . 0 0 0 3 5 4 * * *
Fe 56 0 . 1 4 2 2 3 5 0 . 0 0 0 3 0 2 * * *
57 0 . 1 5 1 6 9 4 0 . 0 0 1 7 4 1 * * *
Ni 58 0 . 0 3 1 9 6 5 0 . 0 0 0 1 4 0 * * *
60 0 . 0 3 3 2 4 5 0 . 0 0 0 2 1 9 * * *
62 0 . 0 6 3 9 6 4 0 . 0 0 0 7 8 0 * * *
Cr r oJrfL 0 . 0 3 3 0 0 3 0 . 0 0 0 1 1 3 * * *
53 0 . 0 3 4 1 0 7 0 . 0 0 0 3 5 6 * * *
Fe 56 0 . 1 1 2 5 3 8 0 . 0 0 0 2 8 7 * * *
57 0 . 1 2 7 3 4 5 0 . 0 0 1 6 6 3
Ni 58 0 . 0 3 2 0 2 9 0 . 0 0 0 1 4 0 * * ■ *
60 0 . 0 3 3 1 9 2 0 . 0 0 0 2 1 8
62 0 . 0 5 3 1 9 5 0 . 0 0 0 7 3 1 *  *  *
Cr 52 0 . 0 3 3 0 7 2 0 . 0 0 0 1 1 3 Ok
53 0 . 0 3 3 1 1 2 0 . 0 0 0 3 5 2 Ok
Fe 5 6 0 . 1 4 7 3 2 5 0 . 0 0 0 3 0 5 * * *
57 0 . 1 6 6 3 7 1 0 . 0 0 1 7 8 6 *•* *
Ni 58 0 . 0 3 2 8 5 9 0 . 0 0 0 1 4 2 * * *
60 0 . 0 3 3 5 2 1 0 . 0 0 0 2 1 9 * * *
62 0 . 0 5 7 9 2 7 0 . 0 0 0 7 5 3 * * *
241
SAMPLES ELEMENTS
Q1 C r : 0 . 0 3 1 3 0 2  Fe?: 0 . 1 4 1 7 0 8  N i  : 0 . 0 2 8 8 5 2
Q2 C r :  0 . 0 1 4 4 9 0  Fe :  0 . 0 7 9 4 7 1  Ni  : 0 . 0 1 1 7 7 7
0 3  C r : 0 . 0 1 0 7 4 8  F e :  0 . 0 3 0 0 3 7  N i : 0 . 0 0 6 5 1 7
Q4 C r :  0 . 0 4 8 4 4 0  Fe :  0 . 2 7 3 8 6 5  N i : 0 . 0 2 9 6 0 7
0 5  C r : 0 . 0 1 2 9 4 6  F e : 0 . 0 4 8 2 3 2  N i : 0 . 0 0 6 9 2 3
Q6 C r :  0 . 0 0 9 0 3 4  Fe :  0 . 0 1 7 9 9 2  N i : 0 . 0 0 4 5 4 8
0 7  C r : 0 . 0 1 3 8 4 5  F e : 0 . 0 3 9 0 1 2  N i : 0 . 0 0 8 9 2 7
0 8  C r :  0 . 0 1 3 7 6 4  Fe:  0 . 0 5 0 2 3 8  N i : 0 . 0 1 1 2 8 3
0 9  C r : 0 . 0 1 4 3 5 5  Fe :  0 . 0 5 0 0 4 6  N i : 0 . 0 1 1 0 6 7
0 1 0  C r :  0 . 0 1 5 4 3 6  Fe:  0 . 0 4 2 3 5 7  N i : 0 . 0 1 2 2 7 2
O i l  C r :  0 . 0 1 6 1 8 2  Fe:  0 . 0 5 1 5 5 3  N i : 0 . 0 1 3 0 2 9
Q12 C r : 0 . 0 1 5 7 7 3  F e : 0 . 0 5 1 7 6 4  N i : 0 . 0 1 6 0 8 5
242
CONCS
U 13 : 0. 0 131 7b Fe: 0. 0 6 /3.1 4 Ml : u -u .1 3944
0 1 4  C r :  0 . 0 1 4 3 0 3  Fe:  0 . 0 5 2 8 4 7  N i : 0 . 0 1 3 7 2 5
0 1 5  C r : 0 . 0 1 7 5 0 2  F e : 0 . 0 6 0 4 3 4  N i : 0 . 0 1 782C
0 1.6 Cr : 0.014444 Fe: 0. 055128 Ni : 0.014343
Q17 C r :  0 . 0 2 6 9 4 2  Fe:  0 . 1 2 4 2 2 3  N i : 0 . 0 2 9 1 8 8
0 1 8  C r :  0 . 0 3 2 1 2 5  Fe :  0 . 1 4 3 6 3 3  N i : 0 . 0 3 5 5 7 1
q 19 C r : . 0 . 0 3 3 2 6 8  Fe:  0 . 1 1 4 7 1 7  H i :  0 . 0 3 4 6 5 1
Q20 C r :  0 . 0 3 3 0 8 2  Fe: 0 . 1 5 0 1 0 0  N i : 0 . 0 3 5 6 6 :
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
